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PREFACE 


The  Second  International  Symposium  on  Diamond  Materials 
was  held  as  part  of  the  179th  Meeting  of  The  Electrochemical  Society  in 
Washington,  DC,  May  5-10, 1991. 

In  recognition  of  the  growing  worldwide  interest  in  CVD  diamond 
science  and  technology,  the  objective  of  The  Electrochemical  Society  was 
to  provide  an  international  forum  for  the  presentation  and  discussion  of 
recent  research  and  development  in  this  field.  The  following  Symposium 
Organize'-s  from  the  U.S.A.,  Europe,  and  Japan  were  responsible  for 
inviting  internationally  recognized  diamond  workers,  soliciting  contributed 
papers,  planning,  and  chairing  Symposium  sessions. 
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This  Proceedings  Volume  contains  76  of  the  92  papers  which 
were  presented  at  the  Washington,  D.C.  meeting  in  May  1991.  Due  to  an 
anticipated  strong  continuing  interest  in  CVD  diamond,  the  Dielectric 
Science  and  Technology,  Electronics,  and  High  Temperature  Materials 
Divisions  of  The  Electrochemical  Society  have  planned  future  diamond 
symposia  on  a  2-year  schedule. 

The  Third  International  Symposium  on  Diamond  Materials 
will  be  held  in  Honolulu,  Hawaii,  May  16-21,  1993.  This  symposium  will 
be  part  of  the  183rd  Electrochemical  Society  Meeting,  to  be  held  in 
cooperation  with  the  Japanese  Society  of  Applied  Physics  and  The  Japanese 
Electrochemical  Society.  The  Call  for  Papers  for  this  symposium  is 
shown  on  the  following  page. 
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ANNOUNCEMENT  AND  CALL  FOR  PAPERS 


Third  International  Symposium 
on  Diamond  Materials 

May  16-21,1993 
Honolulu,  Hawaii 

The  Third  International  Symposium  on  Diamond  Materials  will  be  held  in 
Honolulu,  Hawaii  during  May  16-21, 1993  as  part  of  the  183rd  Meeting  of 
The  Electrochemical  Society,  Inc.  The  Symposium  is  co-sponsored  by  The 
Electrochemical  Society  of  Japan  with  cooperation  of  the  Japanese  Society 
of  Applied  Physics.  The  three  organizing  divisions  of  The  Electrochemical 
Society  are:  Dielectric  Science  and  Technology,  Electronics,  and  High 
Temperature  Materials. 

The  Symposium  objective  is  to  provide  an  international  forum  for  the 
presentation  and  discussion  of  recent  developments  in  the  science,  process 
technology,  and  applications  of  diamond  and  related  materials.  The 
following  is  a  partial  list  of  topics  to  be  addressed: 

Fundamental  Principles  Related  to  Diamond  Synthesis: 

•  Theoretical  modeling  and  measurements  of  gas  and  surface  chemistry, 
thermochemistry,  kinetics,  mass  and  energy  transport,  and  fluid 
dynamics. 

•  Mechanisms  of  nucleation  and  renucleation,  growth,  and  partial 
equilibrium. 

•  Influence  of  gaseous  species  or  transport  processes  on  mechanisms, 
rates,  and  deposit  quality.. 

Experimental  Approaches  and  Control: 

•  Single  crystal  growth,  homo-  and  hetero-epitaxy., 

•  Polycrystalline  microstructure  control. 

•  Advanced  in  situ  characterization  for  diagnostics  and  control. 

•  Unique  growth  and  activation  methods. 

Properties  and  Applications: 

•  Physical,  chemical,  and  mechanical  behavior 

•  Electrical  and  electronic  devices,  thermal  characteristics,  optical, 
optoelectronics,  and  tribology.. 

Manufacturing: 

•  Scaleup,  product  uniformity,  reliability,  and  yield. 


Cominued  on  revene. 


Call  for  Papers  continued. 


As  in  preceding  symposia  in  this  series,  a  Symposium  Proceedings  volume 
will  be  published  and  will  include  invited  and  contributed  papers. 
Contributed  papers  will  include  both  oral  and  poster  presentations. 


7S-word  abstract  and  extended  abstract  due  to: 

(i)  The  Electrochemical  Society  Headquarters,  with  copies 
sent  to: 

(ii)  K.E.  Spear  (addresses  for  both  given  below). 


Authors  meeting  above  abstract  deadline  will  be  sent 
instructions  for  proceedings  volume  manuscripts. 


Camera-ready  manuscripts  completed  according  to 
instructions  due  to  K.E  Spear. 


Symposium  inquiries  and  suggestions  for  invited  speakers  and  special 
session  topics  should  be  sent  to  any  of  the  following  three  ECS  conference 
organizers: 


K.E.  Spear 
201  Steidle  Bldg 
Penn  State  University, 

University  Park,  PA  16802 

Tel:  (814)  865-4992  FAX:  (814)  865-2917 

J.  P.  Dismukes 

Exxon  Research  and  Engineering  Co. 

Annandale,  NJ  08801 

Tel:  (908)  730-2997  FAX:  (908)  730-3042 

K. V.  Ravi 

LxKkheed  Missiles  and  Space  Co. 

R&D  Org. 

93/10  -  B204 
Palo  Alto,  CA  94304 

Tel:  (415)  424-2588  FAX:  (415)  354-5795 

Address  for  sending  abstracts  and  for  information  on  program  and 
accommodations:  The  Electrochemical  Society,  Inc.,  10  South  Main  Street, 
Pennington,  NJ  08534-2896  U.S.A. 
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ABSTRACT 

Diamond  deposition  has  been  primarily  carried  out  with 
hydrocarbon-hydrogen-oxygen  based  systems.  In  these  systems,  the 
hydrogen  atom  as  well  as  other  free  radicals,  e.  g.,  CH3,  are  formed  with 
hot  filaments,  plasmas,  flames,  etc.  In  most  cases,  diamond  is  thought  to 
form  with  the  evolution  of  H2  as  the  Bnal  step  in  the  carbon  bond  formation 
process.  In  halogen  containing  systems,  the  evolution  of  HX  (where  X  is  a 
halogen  atom)  has  been  suggest^  as  being  in  part  responsible  for  the  lower 
diamond  ^wth  temperatures  in  these  systems.  The  importance  of  oxygen 
as  an  additive  which  enhances  the  halogen-assisted  process  is  discussed. 


INTRODUCTION 

At  present,  tliere  are  a  variety  of  techniques  for  producing  chemical  vapor  deposited 
(CVD)  mamond  films  and  particles.  Common  to  all  of  these  processes  are  reactive  species 
containing  carbon  and  hydrogen  in  some  form.  Most  of  these  techniques  further  employ 
some  high  energy  method  for  dissociating  hydrogen  molecules  into  atoms  in  order  to  tnake 
the  process  viable.  All  have  their  relative  merits  and  problems.  It  has  been  hypothesized  by 
a  number  of  researchers  that  with  a  halogen-based  system  CVD  diamond  growth  could  be 
accomplished  with  results  exceeding  those  presently  achieved.  These  systems  incorporate 
either  elemental  halogen  in  conjunction  with  a  hydrocarbon  or  some  halogen-containing 
carbon  species.  These  suggestions  are  based  on  a  thermodynamic  argument  that  a  halogen- 
based  reaction  will  produce  as  a  major  by-product  HX  molecules  (where  X  is  a  halogen 
atom)  instead  of  the  less  stable  hydrogen  molecules  which  are  produced  in  standard  CVD 
diamond  systems.  While  diamond  has  been  produced  with  some  success  in  reaction 
systems  where  a  halogen  has  been  added  to  the  reactant  mixture,  most  of  this  work  still 
employs  high  energy  activation  of  the  reactant  species  (1, 2, 3). 

There  have  also  been  a  few  citations  in  the  literature  of  CVD  diamond  deposition 
methods  employing  halogens  that  work  without  some  high  energy  preactivation.  B.  V. 
Spitsyn  and  B.  V.  Deijagin  were  the  first  to  report  a  simple  pyrolytic  halogen-based 
process  for  growing  CVD  diamond  on  diamond  substrates  employing  either  CBr4  or  CI4  as 
the  principle  reactive  species  (4).  R.  A.  Rudder,  et  al.,  also  reported  the  use  of  elemental 
(uorine  in  conjunction  with  CF4  to  grow  diamond  on  diamond  (5).  This  process. 
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however,  appears  not  to  be  thermodynamically  sound,  and  the  diamond  growths  were  most 
likely  due  to  impurities  in  the  reactor  such  as  residual  hydrogen.  A  recent  Japanese  patent 
reports  a  simple  chlorine-based  pyrolytic  technique  which  claimed  the  production  of  CVD 
dianwnd  on  a  variety  of  substrates  using  elements  chlorine  in  combination  with  methane  or 
using  CCI4  and  hydrogen  (6).  Most  recently,  the  authors  have  reported  a  method  for 
producing  CVD  diamond  films  and  particles  employing  a  simple  thermally  activated 
halogen-assisted  technique  operating  at  ambient  pressures.  This  method  uses  a  variety  of 
halogen-based  reactant  gases  with  deposition  t'imperatures  between  ca.  750  and  250  °C  (7). 
We  report  here  on  furtfier  developments  with  low  temperature  halogen-assisted  CVD 
diamond  deposition. 


EXPERIMENTAL 

All  of  the  reactions  were  carried  out  in  a  simple  flow  tube  system  that  allows  the 
reactant  gases  (whose  structures  are  comprised  of  carbon,  hydrogen,  oxygen,  and  halogen 
atoms)  to  be  passed  dynamically  through  a  resistively  heat»l  reaction  chamber  into  which  a 
suitable  growth  substrate  has  b^n  placed.  The  spent  gases  flow  out  of  the  chamber,  can  be 
trapped  ^  further  analysis,  and  finally  flow  into  various  cleaning  traps  before  exiting  into 
a  vent  hood.  The  entire  system  woiks  at  ambient  pressure  although  studies  are  underway  to 
determine  the  effects  of  other  pressures  in  the  system.  The  reactant  gases  are  comprised  of 
either  elemental  fluorine  (Air  Products,  98%)  and  a  simple  hydrocarton  such  as  methane  or 
ethane  (various  sources)  or  of  hydrogen  (AirCo,  99%)  and  a  simple  halocarton  (various 
sources).  It  has  been  found  that  the  addition  of  oxygen  to  the  reactants  in  the  form  of  pure 
O2,  air,  H2O,  CO2,  or  bound  to  the  carbon  in  the  reactant  molecule,  e.  g.,  as  CH3OH, 
enhances  the  growth  of  diamond.  The  reactant  gases  are  typically  diluted  with  an  inert  gas 
such  as  He.  llie  gases  (other  than  fluorine)  can  be  dried  with  CaS04  or  used  as  supplied, 
the  liquid  reactants  are  used  as  supplied,  and  the  F2  is  treated  with  NaF  beforehand  in  order 
to  remove  HF.  The  carbon  containing  gas  is  t^ically  held  to  less  than  5%  of  the  overall 
gas  composition  in  order  to  retard  the  formation  of  non-diamond  carton.  Flow  rates  are 
monitor^  by  mass  flow  meters  and  are  typically  on  the  order  of  0  25  to  10  seem  f.>r  the 
carbon  containing  gas,  0.5  to  20  seem  for  fluorine  (for  reactions  using  fluorine),  50  to  200 
seem  for  hydrogen  (for  reactions  using  hydrogen),  0.001  to  1  seem  for  oxygen,  air,  H2O, 
or  CO2,  and  0  to  250  seem  for  any  inert  gas. 

The  flow  tube  reactioa  chambers  are  made  of  Monel  400  and  range  from  6.35  to  50.8 
mm  in  inside  diameter  and  from  0.3  to  I  meter  in  length.  Some  experiments  not  involving 
fluorine  are  performed  in  quartz  or  Vycor  tubing  of  the  same  dimensions  as  those  for  the 
Monel  tubing.  The  reactors  are  heated  resistively  from  700  to  950  ®C  with  temperatures 
being  monitored  by  standard  thermocouples.  The  tube  reactors  arc  water-cooled  (for  the 
Monel  system)  or  air-cooled  (for  the  quartzA'yeor  system)  before  the  fittings  that  connect 
them  to  the  rest  of  the  system.  This  sets  up  a  temperature  gradient  in  the  reactors  which 
allows  for  diamond  growth  typically  in  the  region  of  the  reactors  between  ca.  250  °C  and 
750  “C. 

Sample  substrates  are  prepolished  with  fine  diamond  grit  (<1  pm)  and  then  cleaned  of 
any  residual  diamond.  They  are  subsequently  placed  into  the  reactors  before  gas  flow 
begins.  Diamond  deposition  times  range  from  several  hours  to  several  days  depending  on 
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the  amount  of  growth  desired. 

Verification  of  diamond  growth  was  provided  via  Raman  spectroscopy  (Spex  Model 
#1403  employing  a  Liconix  3300  Arf-ion  laser  operating  at  488  nm)  and  X-ray  diffraction 
(Phillips  Model  1840/01/11).  Diamond  growth  rates  and  morphologies  were 
determined  via  optical  and  SEM  (Jeol  Model  #3300)  photomicrographs  of  diamond 
crystallites. 

Off  gases  from  the  experiments  were  analyzed  via  matrix  isolation  FT-IR 
spectroscopy.  Thr  details  of  ^is  apparatus  have  been  previously  explained  (8).  In  this 
analysis,  the  gasc.s  were  trapped  with  Ar  in  approximately  a  1 : 1000  reactant  gas: Ar  tauo  at 
ca.  12  K.  FT-IR  analysis  of  the  trapped  gases  was  performed  using  an  IBM  98  FT-IR 
interfaced  to  the  matrix  isolation  unit 


RESULTS 


Thermodynair*. 

As  has  been  pointed  out  earlier,  a  partial  rationale  for  the  low  temperature  halogen- 
assisted  process  for  producing  diamond  films  and  particles  is  a  simple  thermodynamic 
argument.  That  is,  if  a  more  stable  end-product  other  than  elemental  hydrogen  can  be 
produced  in  the  CVD  diamond  process,  it  should  be  easier  to  deposit  CVD  diamond,  i.  e., 
the  more  exothermic  that  the  basic  reaction  for  producing  diamond  is,  the  more  likely  it  is 
that  diamond  will  be  produced  and  the  more  likely  that  diamond  will  be  produced  at  lower 
temperatures.  Table  I  explicitly  illustrates  the  increased  free  energies  of  formation  that  are 
achieved  by  producing  solid  carbon  and  a  hydrogen  halide  and/or  water  as  opposed  to  solid 
carbon  and  hydrogen  ( 9, 10).  It  is  important  to  note  that  these  values  are  for  the  formation 
of  graphite  and  not  diamond  as  diamond  is  metastable  under  the  conditions  for  these 
values.  The  mystery  of  why  diamond  forms  instead  of  graphite  is  not  evident.  However, 
recall  that  the  free  energy  of  formation  of  diamond  is  only  slightly  higher  than  that  of 

graphite  (AG  =  2.87  kj/mol)  (10).  Further,  it  is  important  to  note  that  we  have  achieved 
our  best  diamond  depositions  with  non-stoichiometric  amounts  of  reactants.  A  number  of 
these  systems  will  be  discussed  in  more  detail  below. 

Hydrocarbon  /  F2  /  He  Systems 

We  have  earlier  reported  that  simple  hydrocarbons  such  as  methane  and  ethane  could 
be  used  in  combination  with  elemental  fluorine  to  produce  diamond  on  a  number  of 
substrates  (7).  In  an  effort  to  better  understand  the  halogen- assisted  process,  the  previous 
reaction  systems  were  modified  to  be  leak  tight,  i.  e.,  the  new  systems  were  pressurized  to 
greater  than  three  atmospheres  with  no  apparent  leakage  of  gas.  Upon  doing  this,  however, 
diamond  ^owth  decreased  substantially  using  a  standard  mixture  of  methane  and  fluorine 
diluted  with  helium.  This  mixture,  in  the  past,  had  always  produced  diamond.  As  the  best 
diamond  growth  in  the  past  had  also  bran  achieved  with  natural  gas  instead  of  pure 
methane,  this  was  employed  in  the  new  reactor.  Enhanced  diamond  growth  using  natural 
gas  was  again  found  to  occur  using  approximately  3%  natural  gas  and  0.3%  fluorine 
diluted  in  helium.  A  SEM  photomicro^aph  of  this  growth  is  given  in  Figure  1,  and  the 

Raman  spectrum  of  this  growth  showed  a  single  ]reak  at  1332  cm'^  indicating  pure 
diamond  growth  in  the  deposition  region.  Figure  1  indicates  that  single  crystals  of  diamond 
(as  oppo^  to  a  film)  were  grown.  The  diamond  was  deposited  in  a  region  of  the  reactor 
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ranging  in  temperature  from  ca.  730  °C  to  ca.  300  °C.  Diamond  deposition  in  a  cooler 
region  of  the  reactor  rather  than  the  hot  (ca.  875  “C)  central  portion  of  the  reactor  is  the 
same  as  reported  earlier. 

A  typical  analysis  of  natural  gas  is :  CH4  93.63  %,  C2Hg  3.58%,  C3Hg  1.02%,  CO2 
0.70%,  N2  0.47%,  isobutane  0.21%,  n-butane  0.19%,  isopentane  0.06%,  n-pentane 
0.06%,  hexane  0.02%,  and  heptanes  and  larger  hydrocarbons  0.06%  (11).  T-butyl 
mercaptan  is  usually  added  to  natural  gas  as  an  odorizer  in  a  few  parts  per  million  and  trace 
amounts  of  oxygen  and  water  may  also  be  present.  This  points  to  the  likelihood  of  one  of 
the  "impurides"  in  natural  gas  as  having  an  important  role  in  diamond  deposition.  This  is 
most  likely  due  to  the  presence  of  oxygen  in  some  form,  e.  g.,  CO2,  water,  etc. 

In  order  to  test  this  hypothesis,  trace  amounts  of  oxygen  (pure  or  in  compressed  air), 
CO2.  and  water  were  adcied  to  a  mixture  of  pure  methane  and  fluorine  which  was  again 
diluted  with  helium  (typically  4%  methane,  0.5%  fluorine,  and  the  balance  helium).  In  all 
cases,  diamond  growth  (based  on  the  number  of  diamond  crystallites  formed)  was 
enhanced  by  the  incorporation  of  small  amouts  of  these  additives.  Typical  amounts  of  these 
additives  are:  0.4  -  1%  CO2,  0.01  -  0.1%  oxygen,  and  0.2  -1%  water  in  the  overall  gas 
mixture.  Figure  2  gives  the  SEM  of  a  single  dianx>nd  grown  in  an  oxygen-addition  system 
again  showing  that  the  ^wth  of  single  particles,  as  opposed  to  films,  is  favored  in  this 
system  and  fu^er  showing  that  rather  large  single  cryst^s  can  be  grown  with  this  method. 
Note  the  growth  layers  that  are  quite  evident  in  this  particle.  Diamond  growth  again 
decreased  if  significantly  larger  amounts  of  the  additives  were  included  in  the  reaction 
mixture.  The  diamond  that  is  being  produced  in  these  systems  is  usually  accompanied  by 
graphite. 

Alcohol  /  Fj  /  He  Systems 

As  oxygen  apparently  enhances  the  ^wth  of  diamond  in  the  halogen-assisted  system, 
it  seemed  Ukely  that  good  diamond  depositions  might  be  achieved  by  incorporating  oxygen 
into  the  reaction  system  by  using  an  alcohol,  aldehyde,  ketone,  organic  acid,  or  similar 
molecule.  To  date,  we  have  only  been  successful  with  CH3OH.  liie  CH3OH  is  supplied  to 
the  reaction  system  in  place  of  other  hydrocarbons  in  amounts  ranging  from  0.5%  to  3%  of 
the  total  gas  mixture  (again  supplying  caO.5  %  fluorine  and  the  b^ance  being  helium)  and 
produces  pure  diamond  particles  as  evidenced  by  a  single  Raman  peak  at  1332  cm'^  and  no 
graphite  signature  (see  Figure  3).  Growth  rates  are  still  rather  slow  (<  Ijim  per  hour)  and 
particles  tend  to  form  rather  than  continuous  films.  In  this  case,  the  best  growths  were 
noted  with  ca.  1%  methanol  in  the  gas  mixture.  It  is  also  noted  in  using  methanol  that  the 
reaction  produces  much  less  graphite  than  found  when  methane  or  natural  gas  is  the  source 
of  carbon. 

In  the  methane  /  natural  gas  reactions,  there  is  a  considerable  ^aphitic  deposit  in  the 
hot  central  portion  of  the  reactor  as  well  as  a  graphitic  deposit  in  the  cooler  diamond 
powing  re^on  in  the  oxygen  addition  experiments.  In  the  methanol  case,  however,  there 
is  no  noticeable  graphite  formation  anywhere  in  the  reactor.  In  both  cases,  diamond 
formation  occurs  in  that  region  of  the  reactor  which  is  held  from  ca.  750  ‘’C  to  ca.  300  °C. 
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Chlorofluorocarbon  (CFC)  /  Hj  /  He  Systems 

In  the  past,  a  number  of  fluorocarbons,  chlorofluorocarbons,  chlorocarbons,  and  even 
bromoform,  and  iodomethane  were  found  to  produce  diamond  when  mixed  with  an  excess 
of  hydrogen  and  reacted  as  described  previously.  Again,  as  we  moved  to  our  new  clean, 
air-tight  system,  the  diamond  growths  were  significantly  decreased  or  ceased  altogether. 
Air  was  subsequently  added  to  the  reactant  gases,  and  diamond  growth  was  enhanced. 
Typical  reaction  conditions  for  this  case  are:  CFC:  0.5  -  1%  in  He,  H2:  50  %  in  He,  and 
air:  0.5  - 1%  in  He.  The  diamond  fonned  by  these  reactions  is  often  accompanied  by  more 
graphite  than  are  the  reactions  employing  elemental  fluorine.  This  is  indicated  in  Figure  4. 
It  should  furthermore  be  noted  that  thiis  type  of  CFC  /  hydrogen  reaction  produces  both  HF 
and  HQ,  and  that  high  flow  rates,  e.  g.,  >5  seem  CCI2F2,  of  the  reactant  gases  leads  to 
failure  of  the  reaction  chambers. 

Hot  Chamber  Wall  Reactions 

As  previously  pointed  out,  the  chamber  material  reacts  with  the  reactant  gases  in  many 
if  not  all  of  these  reactions.  This  is  true  fm  all  types  of  reaction  chamber  materials  tested  to 
date.  Some  of  the  reaction  by-products  that  have  been  detected  and  identified  from  the 
Monel  400  and  Vycor  chamixrs  include:  NiF2,  CuF2,  MnF2,  CrF3,  AIF3,  NiCl2,  CUCI2, 
CuCl,  NiO,  CU2O,  CuO,  and  SiF4.  Reaction  chamber  design  modifications  arc  underway 
in  an  attempt  to  solve  this  problem. 

Matrix  Isolation  Studies 

Infrared  matrix  isolation  analysis  of  the  gases  produced  in  a  Monel  hot  wall  reactor 
indicate  that  the  main  carbon  -  fluorine  containing  $i^ie$  are  CF4  and  C2F5  when  fluorine 
is  added  to  methane  in  an  excess  of  helium.  The  addition  of  O2,  CO2,  and  H2O  produces 
CO,  and,  in  the  case  of  CO2  and  H2O,  some  methanol  is  produced. 

CONCLUSIONS 

While  it  is  quite  evident  that  diamond  growth  occurs  using  the  low  temperature 
halogen-assisted  technique,  the  mechanism  for  this  growth  is  not  understood  nor  is  it 
understood  exactly  what  precursor  species  are  necessary  for  the  best  diamond  growths.  It 
appears  highly  unlikely  that  the  methyl  radical  mechanism  which  operates  in  other  CVD 
reactors  is  responsible  for  diamond  growth  at  the  low  temperatures  (250  -  750  "C)  observed 
for  the  above  process  (12,  13, 14).  For  example,  the  methyl  radic^  mechanism  is  known 
to  work  best  over  the  substrate  temperature  range  of  900  -  1000  °C  while  a  clear  high 
temperature  limit  of  ca.  750  °C  is  known  in  the  halogen-assisted  case. 

It  also  appears  likely  that  the  reactive  species  are  long  lived  as  they  exist  in  the 
downstream  Oow  for  periods  of  seconds.  The  flow  velocity  through  the  reactor  is  of  the 
order  of  1  -  3  cnVsec,  and  the  diamond  is  found  to  be  produced  over  a  10  cm.  long  area  in 
tile  cooler  exit  region  of  the  tubular  reactor. 

A  requirement  for  low  temperature  diamond  growth  seems  to  be  that  the  reaction  be 
highly  thermodynamically  favored  as  shown  in  Table  I.  This  is  generally  accomplished  by 
formation  of  solid  carbon  and  very  stable  gaseous  fluorides  and  chlorides  such  as  HF  and 
HCl. 
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The  most  impoitant  result  of  the  present  work  has  been  to  establish  the  importance  of 
having  oxygen  present  in  some  form  in  the  halogen-assisted  CVD  diamond  process.  The 
addition  of  O2,  C02i  and  water  enhances  the  growth  of  diamond.  When  water  and  CO2  are 
added,  gas  analysis  has  shown  that  methanol  is  formed  in  the  reactor.  It  has  also  been 
shown  Aat  methanol  is  an  effective  diamond  precursor  without  the  addition  of  auxiliary 
oxygen.  We  have  futher  shown  that  CO  does  not  lead  to  diamond  growth. 
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Figure  1 .  SEM  photomicrograph  of  the  diamond  panicles  deposited  on  a  Monel  substrate.  Natural  Gas 
Flow  Rate  ==  4  seem,  F2  Flow  Rate  =  O.S  seem,  He  Flow  Rate  =  100  seem.  Central  Furnace  Temperature  = 
880  °C,  Deposition  Time  =  137  hr.  Note  growth  along  a  scratch  in  the  surface. 


Figure  2.  SEM  photomicrograph  of  a  diamond  particle  deposited  on  a  copper  substrate.  CH4  Flow  Rate  =  6 
seem,  F2  Flow  Rate  =  O.S  seem,  02  Flow  Rate  =  0.05  seem,  He  Flow  Rate  =  100  seem.  Central  Furnace 
Temperature  =  880  ®C,  Deposition  Time  =  48  hr. 
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TABLE  I.  Reaction  F'X  Energies  at  1000  K.  (9, 10) 

Reaction  .f  AQ«-AH«1/r  tJ/K  moll  AH»ftJ/mQll  AG»fkJ/nK)ll 


CH4  -»  C  +  2H2 

CH4  +  2F2-+C  +  4HF 

CH3F  +  F2-+C  +  3HF 

CH2F2-»C  +  2HF 

CHF3  +  H2  -+  C  +  3HF 

CF4  +  2H2-»C+4HF 

CHCIF2  +  H2  -♦  C  +  HCl  +  2HF 

CHCI3  +  H2  ->  C  +  3HCI 

CCI2F2  +  2H2  -*  C  +  2Ha  +  2HF 

CCI4  +  2H2  -♦  C  +  4Ha 

CH3OH  +  F2  -» C  +  H2O  +  2HF 

CH3CH2OH  +  2F2  -» 2C  H2O  +  4HF 

HCOOH  +  F2 -»  C  +  O2  +  2HF 


94.3 

89.8 

-4.5 

117.9 

-1008.6 

-1126.5 

110.5 

-576.1 

-686.6 

114.4 

-88.3 

-202.7 

139.6 

-121.0 

-260.6 

175.4 

-164.6 

-340.0 

128.9 

-158.8 

-287.7 

137.7 

-179.2 

-316.9 

158.1 

-249.5 

-407.6 

171.7 

-288.0 

-459.7 

119.0 

•606.9 

-725.9 

231.7 

-1127.0 

-1358.7 

123.2 

-178.3 

-301.5 

Wavenumbers  (cm- 1 ) 

Figure  3.  Raman  spectrum  of  diamond  deposited  on  a  Monel  substrate  at  ca.  4S0  °C.  MeOH  Flow  Rale  = 
1.2  seem,  F2  Flow  Rale  s  O.S  seem,  He  l^ow  Rate  s  lOO  seem.  Central  Fumve  Temperature  =  890  °C, 
Deposition  Time  =  44  hr.. 
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Figure  4.  Raman  spectrum  of  diamond  deposited  on  a  Monel  substrate  at  ca.  350  °C.  Ca2F2  Flow  Rate  = 
0.5  seem,  H2  Flow  Rate  »  lOO  seem,  Air  Flow  Rate  a  0.5  seem,  He  Flow  Rate  •  100  seem.  Central 
Furnace  Temperature  a  860  °C,  Deposition  Time  a  19  hr. 
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Fj  -  CH4  AND  H2  -  CF4  GAS  INTERACTIONS 
ACROSS  A  HEATED  GRAPHITE  ELEMENT 


RA.  Rudder,  R.E.  Thomas,  G.C.  Hudson,  M.J.  Mantini,  and  R.J  Markunas 
Research  Triangle  Institute,  P.O.Box  12194,  Research  Triangle  Park,  NC  27709 


ABSTRACT 

We  have  investigated  diamond  film  formation  using  mixed 
hydrogen-halogen  chemistries  at  sub-atmospheric  pressures.  This 
work  has  been  implemented  in  two  reduced  pressure  cells.  One 
cell  contained  a  heated  grr.iyhne  element  upon  which  reactant 
gasses  were  passed.  Only  thermal  activation  was  used  in  this 
reduced  pressure  cell.  Quadrupole  mass  spectroscopy  was  used  to 
identify  reaction  products  in  the  cell.  The  other  cell  was  a  low 
press  u.e  rf-plasma  assisted  chemical  vapor  deposition  system. 
Gasses  which  showed  no  thermal  activation  in  the  thermal  cell 
were  admitted  to  this  cell.  It  was  found  that  F2  is  activated  in  the 
thermal  cell  and  can  participate  in  reactions  both  in  the  gas  phase 
and  at  the  graphite  surface.  HF  and  C2F2HX  were  observed  as  by¬ 
products  of  F2  —  CH4  gas  interactions  near  the  graphite  oven.  Car¬ 
bon  films  that  were  deposited  on  nearby  substrates  proved  not  to 
be  diamond.  Activation  of  H2  —  CF4  in  the  thermal  cell  was  not 
observed  even  at  temperatures  as  high  as  1000  °  C.  Plasma  activa¬ 
tion,  on  the  other  hand,  does  show  evidence  for  HF  and  C2H2  for¬ 
mation  from  the  H2  -  CF4  gas  system.  With  plasma  activation  of 
H2  -  CF4  gas  system,  diamond  deposition  on  as-received  Si  wafers 
without  any  ex  situ  treatment  of  the  surface  to  enhance  diamond 
nucleation  is  possible.. 
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Introduction 

Recent  work  by  Patterson  et  al.(l)  and  previous  work  by  Rudder  et  al.(2) 
have  shown  that  diamond  deposition  from  a  fluorine-based  en’  ironment  is  possi¬ 
ble.  Patterson  exploited  the  use  of  mixed  fluorine-hydro'jen  chemistries  (i.e., 
F2  and  CH4)  to  form  solid  carbon  through  a  proposed  reaction  of: 

CH4  -t-  2F2  C(,)  -f  4HF  (1) 

This  reaction  would  be  more  exothermic  than  a  corresponding  hydrogen- 
based  reaction  involving  CH4  and  H2.  The  hot  zone  of  the  Patterson-type  reac¬ 
tor  operated  between  700  and  950  ”C,  and  diamond  growth  occurred  only  in 
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regions  of  the  reactor  where  the  temperature  was  between  250  and  750  *  C.  Mix¬ 
tures  of  either  Hj  and  CF4  or  Fj  and  CH4  were  reported  to  deposit  diamond. 

Experimental  Apparatus  and  Approach 

To  gain  insight  into  the  fluorine-based  process,  we  have  performed  a  qua- 
drupole  mass  spectroscopy  of  F2/CH4  and  H2/CF4  gas  interactions  as  a  function 
of  temperature  of  the  graphite  surface.  This  work  has  been  implemented  in  two 
reduced  pressure  cells.  One  cell  contained  a  heated  graphite  element  upon 
which  reactant  gasses  were  passed.  Only  thermal  activation  was  available  in 
this  reduced  pressure  cell.  The  other  cell  was  a  low  pressure  rf-plasma  assisted 
chemical  vapor  deposition  system.  Gasses  which  showed  no  activation  in  the 
thermal  cell  were  admitted  to  this  cell. 

The  thermal  work  was  performed  in  an  UHV  compatible  chamber  that  is 
evacuated  by  a  corrosive  series,  1000  1/s  turbomolecular  pump.  Gases  are  admit¬ 
ted  into  the  chamber  using  mass  flow  controllers.  The  pressure  in  the  chamber 
is  maintained  at  0.500  Torr  for  F2  —  CH4  or  H2  —  CF4  gas  work  described  here. 
A  graphite  resistive  heater  is  enclosed  in  the  chamber  as  well  as  a  sample  heater 
stage  whereby  growth  attempts.  Independent  of  the  graphite  resistive  heater, 
can  be  assessed.  The  graphite  heater  is  machined  from  a  dense,  fine-grain  gra¬ 
phite  and  is  not  highly  oriented  pyrolytic  graphite.  A  mass  quadrupole  operating 
at  low  emission  (0.25  mA)  is  used  to  sample  the  gases  exiting  the  reactor. 
Changes  in  the  gas  composition  as  a  function  of  substrate  temperature  or  the 
graphite  heater  temperature  are  monitored. 

The  plasma  activated  cell  was  a  low  pressure  rf-plasma  assisted  chemical 
vapor  deposition  system  which  has  been  used  for  the  growth  of  diamond  from 
H2  -  CH4  mixtures(3).  The  reactor  cell  consists  of  a  stainless  steel,  150  mm  con- 
flat  flange,  6-way  cross  to  which  the  reactor  tube,  pumps,  control  orifice  valve, 
vacuum  gauges,  mass  spectrometer,  and  load  lock  are  appended.  The  vacuum 
system  is  evacuated  by  a  Balzers  500  1/s  corrosive  series  turbomolecular  pump. 
The  base  pressure  of  the  reactor  is  1.0  X  10“^  Torr.  The  heater  stage  is 
comprised  of  alumina  standoffs  separating  the  graphite  susceptor  from  a  gra 
phite  serpentine  resistive  heater.  The  reaction  cube  consists  of  a  double-walled 
50  mm  inside  diameter  quartz  tube  sealed  to  the  stainless  chamber  by  compres¬ 
sion  viton  o-ring  seals.  The  reactor  tule  is  water  cooled  to  maintain  the  water 
temperature  at  15  ”C.  An  8  mm  water-cooled  copper  tube  formed  into  a  3-turn 
helix  100  mm  long  provides  the  inductive  coupling  from  the  rf  generator  to  the 
discharge.  Wall  deposits,  for  a  limited  time,  can  protect  the  quartz  tube  from 
erosion  by  fluorine  based  processes. 


Experimental  Results  in  Thermal  Cell 

The  interactions  of  F  atoms  with  both  solid  carbon  such  as  graphite  and 
with  gaseous  carbon  such  as  CH^,  a  graphite  strip  heater  were  studied  in  the 
thermal  cell.  By  adjusting  the  current  through  the  graphite  element,  the  reac¬ 
tions  of  F2  and/or  F  with  the  densified  graphite  were  monitored  as  a  function  of 
temperature..  One  advantage  in  using  a  graphite  heater  to  study  the  F2/CH4 
gas  interactions  is  that  reactions  of  fluorine  with  graphite  have  been  previously 
studied(4)  so  there  exists  comparative  information.  A  second  advantage  to  the 
graphite  heater  is  that  it  avoids  questions  of  metal  catalysis  reactions.  Two  dif¬ 
ficulties  with  the  graphite  heater  are  memory  effects  from  gasses  absorbing  in 
the  porous  graphite  and  delocalization  of  the  hot  zone  across  the  machined  gra¬ 
phite.  This  results  in  some  areas  of  the  heater  operating  about  100  “C  colder 
than  the  heater  center.  To  iplnimize  the  memory  effects,  the  heater  was 
degassed  at  high  temperatures  before  setting  the  temperature  for  each  data 
point. 

Fluorine  reactions  with  the  heated  graphite  were  monitored  by  admitting 
the  F2  without  CH4  into  the  thermal  cell.  At  elevated  temperatures,  fluorine 
reacted  with  the  graphite  to  form  CF4.  The  CF4  formation  was  monitored  in  the 
mass  quadrupole  through  the  mass  peak  at  69  arising  from  CF3.  CF3  is  the 
dominant  fragment  in  the  ionizer  when  CF4  is  introduced.  Figure  1  shows  the 
observed  CF3  mass  counts  in  the  reactor  as  a  function  of  the  graphite  cell  tem¬ 
perature.  The  CF4  production  is  maximum  at  600  *C  and  is  observed  to 
decrease  for  temperatures  in  excess  of  950*  C.  The  decrease  in  CF4  production 
below  600  *C  is  probably  a  consequence  of  the  formation  of  solid  graphite 
fluoride.  The  temperature  dependence  b  complicated  by  the  fact  that  there  is  a 
sub  tantial  temperature  variation  ±  100  *  C  across  the  graphite  heater  element. 

After  observing  the  CF4  production  from  the  hot  cell  with  only  F2  (admit¬ 
ted  as  1%  F2  in  He),  CH4  was  introduced  into  the  hot  cell.  Upon  introduction 
of  CH4  into  the  hot  fluorine,  the  CF4  production  decreased.  Fluorine  interac¬ 
tions  with  the  CH4  in  the  gas  phase  apparently  depleted  the  gas  phase  of 
fluorine,  resulting  in  a  lower  incident  flux  of  F  atoms  to  the  graphite  surface 
and,  consequently,  a  lower  production  rate  of  CF4.  This  is  the  first  evidence  for 
F2  —  CH4  gas  phase  interactions.  Besides  the  reduction  in  CF4  production,  the 
introduction  of  CH4  into  the  hot  fluorine  resulted  in  production  of  HF  and 
C2F2HX  molecules.  Figure  2  shows  the  production  of  those  molecules  as  a  func¬ 
tion  of  the  graphite  temperature.  Both  exhibit  a  maximum  in  production 
around  900  °C.  The  temperature  dependence  for  the  HF  production  is  more 
pronounced  than  the  temperature  dependence  for  the  C2F2HX  production. 
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This  work  suggests  that  the  proposed  reaction  of  Patterson  et  al.  for  solid 
carbon  production  via  equation  (1)  is  basically  correct.  Our  observe*  ions  of  gra¬ 
phite  gasification  and  the  formation  of  HF  and  C2F2H)t  suggests  that  the  reac¬ 
tion  in  equation  (1)  should  be  extended. 

2F2  +  CH4  ->  0,0, ,d  -H  4HF  (700  •  C) 

4F2  +  2CH4  -  C2H2F2  -I-  6HF  (700  •  C) 

2F2  +  Cg,,ph,t.  -  OF,  (500  -  700  •  C) 

In  a  similar  manner,  the  H2  -  CF4  system  was  evaluated  in  the  thermal  cell. 
At  the  pressure  of  0.50  Torr,  no  evidence  of  by-product  formation  was  observed 
for  temperatures  below  1000 '  C.  Temperatures  higher  than  1000  *  C  and  pres¬ 
sures  higher  than  0.50  Torr  were  not  evaluated.  We  assumed  that  temperatures 
under  1000  *  C  are  not  sufficient  to  produce  H  atoms  from  the  H2  or  F  atoms 
from  the  CF4.  Consequently,  the  H2  -  CF4  gas  system  in  this  pressure  and  tem¬ 
perature  range  does  not  react  with  the  graphite  to  produce  gasification  pro¬ 
ducts,  nor  do  they  react  with  each  other  to  form  HF  molecules. 

Experimental  Results  in  Plasma  Cell 

As  a  consequence  of  the  inactivity  of  the  H2  -  CF4  in  the  thermal  cell,  gas 
mixtures  of  H2  and  CF4  were  admitted  into  the  low  pressure  rf  plasma  assisted 
chemical  vapor  deposition  system.  Details  of  that  work  are  being  submitted  else- 
where(5).  Briefly,  dense  nucleatlon  of  polycrystalline  diamond  films  on  81(100) 
substrates  has  been  accomplished  without  the  use  of  any  surface  pre-treatments 
such  as  diamond  scratching,  oil-coating,  or  diamond-like  carbon  predeposition. 
Films  deposited  at  5  Torr  at  850  *C,  using  an  8%  CF4  in  H2  mixture,  show 
dense  nucleatlon,  well-defined  facets,  and  crystallite  sizes  ranging  from  500  - 
10,000  A.  Figure  3  shows  scanning  electron  micrographs  of  the  diamond  surface 
and  a  cleaved  cross-section.  Some  roughening  of  the  Si  substrate  is  observed 
from  the  cleaved  section  suggesting  that  the  Si  surface  underwent  some  chemi¬ 
cal  modification  prior  to  or  during  diamond  nucleatlon.  X-ray  photoelectron 
spectroscopy  show  the  films  to  be  diamond  with  no  major  chemical  Impurity 
and  no  detectable  graphitic  bonding.  Besides  carbon,  fluorine  is  detected  in  the 
x-ray  photoelectron  spectrum.  A  high  resolution  spectrum  of  the  C  Is  line  shows 
that  some  carbon  is  bound  to  fluorine  on  the  surface  as  exhibited  by  a  distinct 
feature  at  288  eV,  removed  from  the  C-C  bonding  at  283  eV.  A  high  resolution 
spectrum  of  the  C  Is  region  is  shown  in  Figure  4.  The  graphite  tt  —  tt  plasmon 
is  not  present  in  the  spectrum.  The  34  eV  bulk  diamond  plasmon  is  clearly 
present,  but  not  shown  in  the  high-resolution  spectrum.  A  pronounced  1332 
cm“’  Raman  line  was  observed  from  the  polycrystalline  films  along  with  a  broad 
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band  at  1500  cm~^ 


Quadrupole  mass  spectroscopy  of  the  gases  downstream  from  the  plasma 
discharge  reveals  that  the  CF^  -  H2  plasma  converts  the  carbon  tetrafluoride 
into  HF  and  C2H2.  No  fluoromethane  groups  were  observed.  Given  that,  after 
15  min  into  the  plasma  process,  no  fluorocarbon  groups  were  detectable  in  the 
mass  spectrum,  the  generation  rate  of  HF  and  C2H2  must  have  been  equal  to  the 
gas  flow  of  CF4  into  the  reactor,  3.2  seem. 

Preliminary  data  indicates  that  this  process  is  applicable  to  substrates 
other  than  silicon.  This  process  will  have  important  applications  in  areas  where 
surface  pretreatments,  such  as  diamond  polishing,  are  not  viable.  In  particular, 
this  process  may  prove  Invaluable  to  those  workers  developing  heteroepitaxy.. 
With  conventional  methane-based  processes,  nucleation  is  inhibited  on  sub¬ 
strates  other  than  diamond  and  c-BN.  This  process  may  allow  heteroepitaxial 
studies  to  be  undertaken  on  substrates  whereby  previously  there  has  been  little 
diamond  nucleation.. 
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Figure  1.  Observed  CF3  counts  in  the  mass  spectrometer  as  a  function  of  the 
graphite  heater  temperature.  Notice  that  the  introduction  of  CH^ 
into  the  graphite  hot  zone  diminishes  the  CF4  production. 


Temperature  (*C) 

Figure  2.  Dependence  of  by-product  production  on  graphite  heater  tempera¬ 
ture. 
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Figure  3.  SEM  micrograph.s  of  a  polycrystaliine  diamond  film  deposited  from 
the  Hj  -  CF^  process. 
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Figure  4.  A  high  resolution  x-ray  photoelectron  spectrum  of  the  C  Is  line. 
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Abstract 

This  paper  reports  some  properties  of  diamond  prepared  by  the 
microwave  plasma  method  which  have  been  studied  using  Raman, 
absorption  and  cathodoluminescence  spectroscopies,  and  secondary 
ion  mass  spectroscopy  (SIMS)  analysis.  It  has  been  shown  that  single 
crystals  have  good  crystalline  quality.  In  contrast,  the  polycrystalline 
films  grown  under  the  same  conditions  have  appreciable  amounts  of 
double  bends  and  strain.  Contamination  by  elements  contained  in  the 
substrate  holder  was  observed  in  the  epitaxially  grown  diamond.  In 
addition,  attempts  to  grow  diamond  at  substrate  temoeratures  lower 
than  500°C  are  reported. 

1.  Introduction 

Many  methods  have  been  developed  for  diamond  synthesis  from  the  gas 
phase  under  thermodynamically  metastable  conditions.  The  growth  features  of 
diamond  obtained  by  the  methods  appear  to  have  much  in  common.  One  of  the 
most  interestino  features  is  that  the  crystals  have  well-defined  habits  and  often 
appear  as  octahedral,  cubo-octahedral  or  multiply-twinned  particles  truncated  by 
the  substrates.  However,  the  properties  of  diamond  obtained  from  the  gas  phase 
seem  to  be  influenced  by  the  preparation  methods.  Such  a  tendency  may  be 
especially  marked  for  optical  properties  sensitive  to  internal  structure  suen  as 
impurities,  defects  and  strain. 

A  microwave  plasma  method  for  diamond  synthesis[l]  has  high  stability  of 
experimental  conditions  during  the  deposition,  good  reproducibility  of  products 
and  possibility  for  enlargement  of  the  deposition  area[2]. 

f 

This  paper  reviews  structural  features  and  some  properties  of  diamond  pre¬ 
pared  by  the  microwave  plasma  method  which  have  been  studied  using  Raman, 
absorption,  cathodoluminescence  spectroscopies,  and  secondary  ion  mass  spec¬ 
troscopy  (SIMS). 


2.  E^erimental 

Figure  1  shows  a  schematic  drawing  of  the  microwave  plasma  CVD  appara- 
tus[1].  A  silica  glass  tube  50mm  in  diameter  was  used  as  the  deposition  chamber. 
The  substrate,  neld  on  a  pedestal  in  the  chamber,  was  heated  to  deposition  tem¬ 
peratures  by  microwave  absorption  and  heat  transfer  from  the  plasma  without  the 
need  of  an  additional  heat  source. 

Diamond  was  deposited  on  silicon  and  diamond  substrates  from  gaseous 
mixtures  of  methane  and  hydrogen.  The  synthesis  conditions  were;  total  pressure 
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of  5.3kPa,  substrate  temperatures  in  the  range  300  to  900  °C  and  methane  con¬ 
centrations  in  hydrogen  from  0.3  to  3.0%.  Growth  of  diamond  at  substrate  tem¬ 
peratures  lower  than  S00°C  was  carried  out  using  seed  crystals,  obtained  at 
substrate  temperatures  of  SOO-SSO^C  in  the  same  apparatus,  as  substrates.  Dia¬ 
mond  particles  and  some  films  were  also  synthesized  in  a  mixed  gas  of  methane 
and  nydrogen  containing  0.5  to  1%  water  vapor.  Three  crystallographic  planes 
(100),  (110)  and  (111)  of  natural  diamond  were  used  as  substrates  for  epitaxial 
growth.  Diamond  films  for  measurement  of  absorption  spectra  were  polished  us¬ 
ing  a  specially  designed  polishing  apparatus. 

Raman  spectra  were  measured  using  the  488.0  or  51 4.5  nm  lines  of  an  argon 
ion  laser  for  excitation.  Cathodoluminescence  and  absorption  spectra  were  meas¬ 
ured  with  the  diamonds  at  77K.  SIMS  analyses  were  performed  using  Cameca 
IMS-3f  and  IMS-4f  ion  microanalyzers.  For  the  primary  ion  beam,  O  *  and  Cs* 
Ions  were  used.  Positive  and  negative  secondary  ions  were  measured  tor  Oj*  and 
Cs*  primary  ions,  respectively. 

3.  Characterization  of  Diamond  Synthesized  by  Microwave  Plasma  CVD 
3.1  Raman  spectroscopy 

Since  Raman  spectroscopy  was  used  for  the  evaluation  of  CVD  diamondJ3], 
the  technique  has  been  widely  used  in  the  field  of  CVD  diamond  research.  The 
technique  is  suitable  not  only  to  detect  oraphitic  carbon  contained  in  CVD  dia¬ 
mond  but  also  to  estimate  the  quality  of  diamond. 

Figure  2a  shows  typical  change  in  the  Raman  spectra  of  polycrystalline  films 
obtained  at  910  "C  as  a  function  of  methane  concentration[4].  Changes  in  the 
spectra  are  clearly  observed  when  the  concentrations  increase  from  2  to  3%.  The 
Raman  line  of  diamond  at  about  1333cm'’  is  fairly  weak  for  the  3%  film.  Broad 
bands  at  around  at  1360  and  1600cm'’,  due  to  highly  disordered  carbon,  gradually 
appear  for  concentrations  higher  than  2%.  The  concentrations  at  which  the  band 
begins  to  be  detected  are  dependent  on  the  deposition  temperature.  The  lower 
the  temperature  the  higher  the  concentration  .  Otherwise,  the  broad  band  near 
1500  cm  ’  is  observable  in  all  of  the  samples  shown  in  Fig.2.  The  band  is  thought 
to  be  due  to  other  types  of  double  bonded  carbon  such  as  the  linearly  conjugated 
double  bond. 

The  Raman  spectrum  of  the  individual  particles  up  to  100  pm  (Fig.  3)[5] 
shows  that  the  width  of  the  Raman  line  is  around  2.3  cm  ’,  defined  as  the  full  width 
at  half  maximum(FWHM).  These  values  may  be  compared  with  the  values  of 
around  2.0  -  3.0  cm  ’  observed  in  natural  type  la  and  type  lla  single  crystals  used 
in  this  study.  The  line  width  increased  with  increasing  methane  concentrations 
during  preparation.  The  generation  of  secondary  nucleation  on  the  crystal  surface 
was  also  more  prominent  for  the  higher  methane  concentrations.  The  results  indi¬ 
cate  that  defects  and  impurities  are  more  concentrated  in  the  particles  obtained  at 
higher  methane  concentrations.  The  peak  position  was  observed  to  agree  within 
±0.15  cm'’  with  those  of  the  high  pressure  and  natural  single  crystals.  The  spec¬ 
trum  measured  in  the  wide  range  has  shown  that  the  broad  Raman  band  centered 
at  1450-1550  cm  ’  due  to  double  bonds  is  undetectably  weak. 

On  the  other  hand,  the  Raman  spectrum  of  polycrystalline  films,  obtained 
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under  the  same  conditions  as  the  particles  which  exhibited  an  FWHM  of  2.3  cm  ', 
showed  the  line  width  broadened  to  7.5  cm  ',  and  the  peak  position  shifted  to 
higher  Raman  energies  by  around  1 .5  cm  ',  which  may  be  due  to  strain  caused  by 
stress.  It  is  also  noted  that  the  1450-1550  cm  '  band  is  present,  though  weak. 


3.2  Absorption  spectroscopy 

Figure  4  shows  absorption  spectra  of  a  single  crystal,  grown  at  1 .0%  methane 
and  containing  water  vapor,  and  a  polished  polycrystalllne  film  grown  at  0.3% 
methane[6].  Both  samples  show  a  continuously  increasing  absorption  from  low 
energies  to  high  energies.  The  absorption  edge  at  5.5  eV  is  clearly  observed  for 
both  the  samples.  However,  for  the  polished  films  grown  at  methane  concentra¬ 
tions  higher  than  0.5%,  the  absorption  edge  was  undetectable  because  of  the 
strong  underlying  absorption.  The  absorption  In  the  UV  region  appears  to  be  due 
to  non-diamond  carbon.  Since  the  Raman  spectra  of  such  a  sample  exhibit  a 
broad  line  centered  at  1 450-1 550cm'',  the  above  observation  seems  to  be  consis¬ 
tent  with  the  Raman  results. 


3.3  Cathodoluminescence  spectroscopy 

Figure  2b  shows  the  results  of  catnodoluminescence  measurements  of  dia¬ 
mond  films  prepared  at  methane  concentrations  from  0.3  to  3%[4].  The  bright  blue 
emission  has  been  observed  in  the  cathodoluminescence  spectrum  of  the  film 
obtained  using  0.3%  methane.  The  emission  is  attributed  to  donor-acceptor  pair 
recombination,  and  is  identical  to  that  observed  for  type  lla  natural  diamond,  the 
features  detected  at  around  2.33eV,  2.47eV,  and  2.57eV  (Fig.2b)  are  characteris¬ 
tic  of  CVD  diamond,  and  are  not  observed  in  natural  diamond  or  diamond  pre¬ 
pared  by  high  pressure  methods.  As  Raman  lines  indicating  disordered  carbon 
are  observed  with  increasing  methane  concentrations(Fig.2a),  the  weak  features 
observed  at  low  energies  in  Fig.5a  become  relatively  stronger,  and  additional  lines 
are  observed  in  the  spectra. 

Diamond  polycrystalline  film  with  (100)  preferred  orientation[5],  obtained  at 
850  ®C  and  3%  methane,  exhibits  the  emissions  associated  with  the  nitrogen 
atom,  interstitial  carbon  and  the  vacancy.  The  5RL  band  with  a  zero-phonon  line  at 
4.582  eV  was  typically  detected  for  the  film  obtained  at  3%  methane.  The  results 
indicate  that  diamond  may  be  contaminated  with  free  carbon  atoms  at  higher 
methane  concentrations. 

Figure  5  shows  intrinsic  edge  emission  from  diamond  particles  obtained  at 
0.5-2%  methane  containing  water  vapoitT].  The  emissions  indicate  that  the  dia¬ 
mond  particles  are  pure  with  few  structural  defects.  The  edge  emission  is  strong  in 
particles  grown  at  lower  methane  concentration  than  1%,  and  becomes  relatively 
weak  with  increasing  concentrations.  The  emission  is  only  observed  in  type  lla 
diamond  which  is  relatively  free  from  defects[8].  No  intrinsic  edge  emission  is 
observed  in  the  polyciystalfine  diamond  films  prepared  under  the  same  conditions 
as  those  for  the  particles  exhibiting  the  edge  emission.  The  results  imply  that  the 
growth  and  aggregation  of  particles  with  few  structural  defects  result  in  films  being 
heavily  strained,  and  that  it  is  hard  to  get  the  polyciystalline  film  free  from  strain. 
This  tendency  is  supported  by  the  Raman  spectra  of  particles  and  film. 
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3.4  Secondary  ion  mass  spectroscopy 

Secondary  ion  mass  spectroscopytSIMS)  has  the  possibiiity  of  detecting  aii 
eiements  from  hydrogen  to  uranium,  ana  is  a  highiy  sensitive  anaiyticai  method. 

The  depth  profile  of  SIMS  analysis  of  non-doped  diamond  epitaxially  grown  on 
a  substrate  held  on  an  alumina  holder  is  given  in  Fig.6[91.  Values  1 , 12  and  27  of 
m/e  indicate  hydrogen,  carbon  and  aluminum,  respectively.  Aluminum  is  consid¬ 
ered  to  come  from  the  substrate  holder  by  impact  of  the  plasma  particles.  A  similar 
phenomenon  has  been  observed  in  the  results  of  diamond  film  grown  using  a 
boron  nitride  holder.These  results  suggest  that  contamination  by  the  elements  in 
the  substrate  holder  cannot  be  neglected  for  the  film  obtained  using  the  plasma 
enhanced  method.  Hydrogen  is  abundantly  present  in  the  starting  gas  mixture. 
However,  hydrogen  seems  to  be  present  in  the  same  concentration  as  in  natural 
diamond.  In  fact  a  growth  layer  with  hydrogen  concentration  lower  than  that  in 
natural  diamond  has  been  obtained,  as  shown  in  Fig.6.  Impurities  with  concentra¬ 
tions  higher  than  that  in  natural  diamond  have  not  been  detected. 

SIMS  analyses  of  epitaxially  grown  films  doped  with  boron  have  shown  that 
the  concentrations  of  boron  in  the  films  depend  on  the  concentrations  in  the 
starting  gas  mixtures.  The  ratios  of  boron  to  carbon  in  the  growth  layers  on  (100), 
(110)  and  (111)  faces  are  shown  in  Fig.7.  The  results  indicate  that  boron  may  be 
doped  in  (1 1 1 )  and  (110)  at  concentrations  higher  than  that  in  the  (100)  face. 

Growth  layers  doped  with  phosphorus  were  also  analyzed  using  SIMS.  In  the 
range  of  substrate  temperature  from  820  to  lOOO’C,  irnpurities  in  the  growth  layer 
increased  with  increases  in  substrate  temperatures.  On  the  other  hand,  growth 
rates  increased  as  substrate  temperatures  decreased.  Typical  depth  profiles  of 
SIMS  analyses  of  phosphorus-doped  diamond  films  obtained  on  (110)  planes  at 
0.3%  methane  and  820'’C  are  shown  in  Fig.8.  The  ratios  of  phosphorus  to  carbon 
in  the  growth  layer  increase  on  (1 1 0)  faces  compared  with  (100)  faces.  The  ratios 
appear  to  be  related  to  phosphorus  concentrations  in  the  starting  gas  mixtures. 
Tne  intensities  of  m/e=1  and  28  increase  with  increases  of  phosphorus  in  the 
growth  layer.  Hydrogen  seems  to  be  bonded  with  phosphorus  in  diamond,  since 
the  contents  increase  with  increasing  phosphorus  intensities.  A  SIMS  analysis  of 
the  epitaxial  growth  layer  with  primary  ion  of  Cs*  was  performed  for  the  detection 
of  oxygen.  However,  intensities  of  m/e=16  were  almost  the  same  in  the  growth 
layer  and  the  substrate.  The  result  suggests  that  the  content  of  oxygen  in  the 
growth  layer  may  be  negligible. 


4.  Growth  of  diamond  at  lower  temperatures. 

Since  typical  substrate  temperatures  in  CVD  methods  for  diamond  synthesis 
are  in  the  range  700  to  lOOO^C,  substrates  are  restricted  to  heat-resistant  materi¬ 
als  and  the  area  of  application  is  considerably  limited.  Growth  of  diamond  at  sub¬ 
strate  temperatures  lower  than  500  ”0  has  been  attempted  using  the  microwave 
plasma  CVD  method[1 0].  For  ail  the  growth-stage  studies,  individual  cubo-octahe- 
dral  crystals  of  2-5pm  size  grown  at  temperatures  higher  than  800°C  were  em¬ 
ployed  as  nuclei  for  growth. 

Typical  changes  in  morphology  of  an  individual  crystal  at  500°C  are  shown  In 
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Fig.9.  In  the  early  stage  of  the  growth,  the  morphology  changes  from  the  original 
cubo-octahedron  to  octahedron,  which  indicates  that  the  growth  rate  of  the  (100) 
face,  i.e.,  growth  rate  perpendicuiarto  (100)  plane,  is  substantially  faster  than  that 
of  the  (111)  face.  Further  observation  snowed  that  once  octahedral  morphology  is 
attained,  the  crystal  grows  without  changing  the  morphology.  The  growth  rate  at 
SOO^C  is  estimated  to  be  about  150A/hr.  The  morphological  change  at  400‘’C  is 
similar  to  that  observed  at  500°C.  The  growth  rate  at  400°C  is  observed  to  be  60A/ 
hr.  Growth  at  300°C  is  also  shown  to  be  faster  on  the  (100)  face  than  on  the  (1 1 1 ) 
face,  and  gives  granular  deposits  on  (100)  faces,  differing  from  the  crystals  grown 
at  higher  temperatures.  The  growth  rate  at  300°C  is  approximately  lOA/hr.  The 
growth  rates  in  the  range  between  300  and  900^0  shown  in  Fig.  10  change  line¬ 
arly  depending  on  the  substrate  temperatures. 

Figure  1 1  shows  the  Raman  spectra  of  a  seed  crystal  and  crystals  grown  at 
substrate  temperatures  ranging  from  400  to  700°C.  It  is  noted  that  the  broad  band 
at  around  1 450-1  SSOcm  ',  due  to  a  double  bond  structure,  is  undetectably  weak  in 
the  range  500  to  700®C.  In  the  Raman  spectmm  of  the  crystal  grown  at  400®C,  the 
1450-1550  cm  ’  band  is  observed,  though  weak.  The  line  widths  as  FWHM  are 
shown  in  the  parenthesis  of  Fig.1 1 .  The  data  show  that  the  crystals  grown  at  400- 
700°C  are  of  reasonably  high  quality.  Deposition  at  280®C,  the  lowest  temperature 
in  this  study  which  is  restricted  by  the  detectable  range  of  radiation  thermometer 
used  here,  gave  deposits  which  are  identified  as  diamond  by  electron  diffraction. 


5.  Summary 

Diamonds  obtained  by  the  microwave  plasma  CVD  method  have  been  char¬ 
acterized  using  Raman  spectroscopy,  absorption  spectroscopy,  cathodolumines- 
cence  and  secondary  ion  mass  spectroscopy. 

It  has  been  shown  from  the  results  of  measurements  of  optical  properties  that 
single  crystals  of  up  to  1 00  pm  in  size  have  good  crystalline  quality.  In  contrast,  the 
polycrystalline  fil.tis  grown  under  the  same  conditions  have  appreciable  amounts 
of  double  bond  and  strain. 


SIMS  analyses  have  indicated  that  contamination  by  elements  of  substrate 
holder  cannot  be  neglected  for  the  diamond  obtained,  that  contents  of  hydrogen 
and  oxygen  are  negligible  small,  that  other  impurities  with  concentration  higher 
than  that  in  natural  diamond  are  not  detected,  and  that  boron  and  phosphorus  may 
be  doped  in  CVD  diamond. 

Growth  of  diamond  at  temperatures  lower  than  500®C  has  been  attempted. 
The  Raman  spectra  have  indicate  that  diamonds  grown  at  400  and  500°C  are 
high  quality  and  similar  to  natural  diamond.  The  deposition  of  diamond  at  280“C 
was  confirmed. 
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I 

Pump 

Fig.1  Schematic  drawing  of  the  deposition  system[1]. 


(a)  (b) 


Fig.2  Raman  spectra(a)  and  Cathodoiuminescence  spectra(b) 
of  diamond  films  grown  at  0.3%  and  910®C[4]. 
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Fig. 3  Raman  spectrum  of  individual  particles  obtained 
at  0.5%  and  850°C[51. 


Fig.4.  Absorption  spectra  of  a  single  crystals  grown  at  1%  methane(a) 
and  a  polished  polycrystalline  film  grown  at  0.3%  methane{b)[6]. 
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Photon  energy  («V) 

Fjg.5  Edge  emission  from  diamond  particles  grown  at  0.5(a), 
1 .0(b)  and  2.0%(c)  methane  and  850®C[7]. 


Fig.6  Depth  profile  of  SIMS  analysis  of  an  epitaxially  grown  film[9]. 
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Boron  eoneontritlon  (k) 

Fig.7  Relations  of  B/C  detected  by  SIMS  with  boron  concentrations 
in  gas  phase. 


Fig.8  Depth  profiles  of  SIMS  analyses  of  phosphorus-doped  diamond  films 
obtained  on  (110)  planes. 


Fig.9  SEM  images  of  typical  crystals  grown  at  500°C[10]. 


Substrate  TemperatureCC) 


Fig. 10  Temperature  dependence 
of  growth  rate. 
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Fig.1 1  Raman  spectra  of  diamond 
particles  grown  at  different 
temperatures[10]. 
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Abstract 

By  alternating  diamond  synthesis  with  dte  activation  of  the  diamond 
surface  with  oxygen  it'  is  shown  that  good  (quality  diamond  can  be 
synthesized  at  methane  concentrations  up  to  IS  %  in  hjr^gen.  This  permits 
an  enhancement  of  the  growth  rate  of  diamond  without  degrading  its 
quality.  It  is  proposed  that  the  periodic  activation  of  the  diamond  surface 
with  oxygen  results  in  the  creation  of  surface  steps  of  atomic  dimensions 
that  stabs^ze  the  diamond  phase  of  carbon  even  at  very  high  concentrations 
of  methane  in  the  process  gas  mix. 

Introduction 

The  conventionally  accepted  model  for  the  low  pressure  synthesis  of  diamond  is 
based  on  the  premise  that  a  supmatuiadon  of  hydrogen  in  the  process  ambient  promotes 
the  formation  of  diamond  and  suppresses  the  formation  of  non-diamond  phases.  The 
most  direct  inter-relationship  between  process  ^as  chemistiy  and  diamond  quality  is  the 
relationship  between  the  methane  concentration  in  hydrogen  and  the  purity  of  the 
diamond  synthesized.  It  is  well  established  that  as  the  methane  concentration  is  increased 
the  concentration  of  non-diamond  phases  in  the  diamond  increases.  This  is  a  direct 
consequence  of  the  reduction  in  hydrogen  supersaturation  as  the  methane  concentration  is 
increased. 

In  addition  to  the  effects  of  hydrogen  there  has  been  significant  interest  in  the 
effects  of  oxygen  on  process  variables  such  as  the  growth  rate  and  the  quality  of 
diamond.  Additions  of  small  quantities  of  oxygen  to  diamond  forming  plasmas  has  been 
shown  to  result  in  enhanced  or  reduced  grovm  rates,  depending  upon  the  concentration 
of  added  oxygen,  enhanced  quality  and  the  feasibility  of  synthesizing  diamond  at 
temperatures  lower  than  is  possible  without  the  addition  of  oxygen.  The  effects  of 
oxygen  have  been  attributed  to  four  processes:  (a)  the  formation  of  additional  radicals  in 
the  gas  phase,  (b)  the  destruction  of  gas  phase  pyrocarbon  species,  (c)  the  removal  of 
non-diamond  phases  from  the  diamond  surface  and  (d)  the  creation  of  a  mote  reactive 
surface.  Mucha  et.  al.  (1)  have  shown  that  a  dcnninant  effect  of  oxygen  addition  is  to 
increase  the  H  atcxn  concentration  in  the  discharge.  They  attribute  this  increase  in  H  atom 
concentration  to  the  accelerated  removal  of  amo^hous  or  graphitic  carbon  allotropes 
which  would  otherwise  compete  with  and  inhibit  di^ond  gro^.  Harris  and  Weiner  (2) 
have  shown  that  the  addition  of  oxygen  to  non-diamond  growing  environments,  Le.,  7  % 
methane  in  hydrogen,  reduces  the  mole  fractions  of  those  species  not  containing  oxygen 
to  levels  found  in  diamond  growing  environments,  i.e.  1  %  methane  in  hydrogen.  A 
variation  of  the  ptOMSS  whereby  diamond  growth  is  interspersed  with  a  surface  etching 
reaction  has  been  discussed  in  Ae  literature.  Mucha  et  al.(l)  have  shown  that  a  marked 
increase  in  the  growth  rate  results  when  the  process  is  partitioned  into  a  diamond 
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synthesis  step  involving  4  %  methane  in  a  helium  discharge  with  an  etching  step 
involving  15%  hydrogen  and  1  %  oxygen  in  a  helium  dischane.  This  process,  termed 
alternating  chemistry  synthesis,  has  bMn  suggested  as  being  effective  in  removing  non¬ 
diamond  bonded  surface  contaminants  during  the  hydiogen/oxygen  cycle,  thus  activating 
the  diamond  surface  for  mote  efficient  production  ot  diamond  during  the  melhane/helium 
cycle. 


In  this  paper  the  effects  of  partitioning  the  deposition  step  and  surface  treatment 
step  are  discussed  in  the  light  of  mechanisms  at  work  on  the  diamond  surface.  The  effects 
of  surface  struc^  of  the  diamond  have  been  generally  ignored  in  die  literature  and  it  will 
be  shown  in  this  work  that  the  surface  structure  of  the  growing  diamond  plays  a  very 
important  role  in  stabilising  the  diamond  phase  of  ca^n  during  the  low  pressure 
synthesis  of  diamond. 


Experimental 

Alternating  chemistry  synthesis  of  diamond  has  been  achieved  by  alternating 
between  a  methane-hydrogen  discharge  and  an  oxygen-hydrogen  discharge.  A  hydrogen 
plasma  utilizing  a  gas  flow  rate  of  200  seem  and  a  pressure  of  30  Torr  was  constantly 
maintained  over  an  appropriately  prepared  silicon  substrate,  at  a  substrate  temperature  of 
-  850  “C,  in  a  microwave  discharge  at  a  ^wer  level  of  1.3  KW.  Methane  and  oxygen 
were  alternatively  added  to  the  hydrogen  discharge  to  achieve  diamond  growth  (me^ane 
cycle)  and  diamond  etching  (oxygen  cycle)  respectively.  The  concentrations  of  methane 
and  oxygen  as  well  as  the  times  of  the  two  processes  were  varied.  Typical  times,  in  a 
cycle,  ranged  from  2  to  5  minutes  for  diamond  deposition  alternated  with  0.5  to  2 
minutes  for  diamond  etching.  Using  computer  controlled  mass  flow  controllers 
alternating  chemistry  synthesis  can  be  achieved  for  the  desired  length  of  time.  Typical 
deposition  times  te^rted  in  this  paper  were  of  5  hours  duration  each.  The  substrates 
us^  in  tlwse  experiments  were  polished  silicon  wafers  which  were  specially  prepared  to 
achieve  diamond  nucleation  in  a  predetermined  matrix.  Utilizing  a  combination  of  surface 
damage,  created  by  abrading  with  0.25  pm  diamond  paste,  followed  by  photolithography 
and  selective  etching,  a  square  arra^  of  damage  sites  were  created  with  localized  damage 
sites  on  the  silicon  surface  ranging  in  size  from  1  pm  X 1  pm  to  10  pm  X  10  pm.  In  this 
paper  the  results  of  the  experiments  presented  involve  SEM  micrographs  of  Ae  crystals 
and  films  since  one  of  the  key  results  of  these  experiments  is  the  effect  of  alternating 
chemistry  on  the  morphology  of  diamond  crystals  and  Elms. 


Experimental  Results. 

The  steady  state  growth  of  diamond  utilizing  mixtures  of  methane  and  hydrogen 
typically  results  in  well  cystallized,  crystallographically  well  defined  films  at  methane 
roncentrations  typically  below  2%  in  hydrogen.  At  higher  methane  concentrations  the 
incoiptmttion  of  non-diamond  phases  is  accompaitied  by  a  degradation  in  the  crystallinity 
of  the  material  and  the  development  of  rounded  grains,  often  called  a  cauliflower 
stmeture.  This  is  shown  in  Figure  1. 2%  methane  in  hydrogen  results  in  a  crystalline  film 
with  (111)  facets  predominating.  An  increase  in  methane  concentration  to  4  %  results  in 
a  cauliflower  structure  which  is  characterized  by  non-diamond  tx>nded  impurities. 
Utilizing  alternating  chemistry  processing,  good  quality  diamond  films  can  be  obtained  at 
methane  concentrations  at  wtuch  steady  state  pro^ses  lead  to  a  significant  concentration 
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of  non-diamond  phases.  The  bottom  electron  microptph  in  Figure  1  shows  the  structure 
of  a  diamond  film  synthesized  by  the  cyclic  altemauon  of  4  %  methane  in  hydrogen  with 
0.5  %  oxygen  in  hydrogen,  with  a  2  minute  duration  for  each  process.  Well  formed 
crystals  are  aggregated  together  to  form  a  film.  This  contrasts  strongly  with  the  structure 
of  the  film  obtain^  with  a  steady  state  process. 

Increasing  the  methane  concentration  in  hydrogen  during  the  deposition  step  and 
alternating  with  an  oxidation  step  has  been  shown  to  result  in  good  quality  diamond  with 
continuing  increase  in  die  methane  concentration,  as  evidenced  by  the  surface  structure  of 
the  crystaJlites,  up  to  methane  concentrations  of  15  %  in  hymtigen.  In  figure  2  well 
formed  crystals  with  smooth  (100)  and  (111)  faces  are  observed  at  a  methane 
concentration  of  5%  in  hydrogen.  As  the  methane  concentration  is  increased,  in 
alternating  chemistry  processing,  the  { 1 1 1 )  faces  get  rougher  and  less  well  defined.  At  a 
methane  concentration  of  20  %  Ae  { 100}  faces  are  still  observed  to  be  smooth  and  well 
formed  while  the  { 1 1 1 1  faces  are  covered  with  diamond-like  carbon  phases,  as  evidenced 
by  the  very  fine  grained,  cauliflower-like  structure  of  these  faces,  as  shown  in  Figure  4. 

The  growth  rate  of  diamond  films  increases  with  increasing  methane 
concentration  in  hydrogen.  However  methane  concentrations  beyond  about  3  %  lead  to 
the  incorporation  of  increasing  amounts  of  non  diamond  phases.  With  alternate  chemistry 
processing,  however,  diamond  quality  can  be  maintained  to  very  high  methane 
concentration  levels,  as  shown  above.  This  leads  to  the  feasibility  of  significantly 
enhancing  growth  rates  without  degrading  the  quality  of  the  diamond.  A  plot  of  the 
growth  rate  as  a  function  of  methane  concentration  is  shown  in  Figure  3.  The  plot  shows 
^e  growth  rate  for  a  steady  state  process  at  low  methane  concentrations  and  for  cyclical 
growth  for  higher  methane  concentrations.  The  scanning  electron  micrographs  of  the 
structure  of  the  diamond  crystals  attest  that  good  quality  crystals  are  observed  up  to 
methane  concentrations  of  15%  by  periudicaiiy  interrupting  the  synthesis  process  with  a 
surface  oxidation  step.  Growth  rates  close  to  1  pnyhour  have  been  achieved  for  process 
gas  pressures  of  30  Torr.  For  steady  stare  conditions,  the  requirement  to  utilize  low 
methane  concentrations  to  achieve  good  quality  diamond,  limits  growth  rates  to  values 
under  0.2  ^m/hour  at  a  pressure  of  30  Torr  (3).  Higher  pressures  can  lead  to  enhanced 
growth  rates  but  at  the  expense  of  deposition  area.  Alternating  chemistry  processing 
permits  enhanced  growth  rates  at  low  pressures  and  hence  on  large  area  substrates. 


Discussion 

It  has  been  shown  that  the  stability  of  the  diamond  phase  of  carbon  can  be 
considerably  enhanced  by  the  use  of  alternating  chemistry  processing.  Whereas,  with 
steady  state  synthesis  of  diamond,  the  requirement  to  maintain  a  supersaturation  of 
hydrogen  in  the  process  gas  ambient  effectively  limits  the  concentration  of  hydrocarbon 
that  can  be  utilized,  thus  severely  limiting  growth  rates,  the  periodic  activation  of  the 
growing  diamond  surface  with  oxygen  permits  the  use  of  considerably  higher 
concentrations  of  methane  in  hydrogen  during  the  diamond  synthesis  step  of  the  process. 
Good  quality  diamond  crystal  and  Sms  have  been  synthesiznl  at  up  to  15  %  methane  in 
hydrogen  by  this  process.  One  explanation  for  the  observations  is  that  during  the 
diamond  synthesis  step  of  the  process  the  high  methane  concentration  results  in  the  co¬ 
deposition  of  non-diamond  phases  and  diamond.  In  the  subsequent  oxidation  step,  the 
non-diamond  phases  are  preferentially  removed,  leaving  behind  diamond.  However  if 
such  a  mechanism  were  q)erational  the  net  growA  rate  of  diamond  is  not  expected  to  go 


up  significantly  as  the  methane  concentration  is  increased.  At  the  higher  methane 
concentrations,  the  predominant  phase  of  the  solid  deposited  should  be  non-diamond  in 
nature  and  thus  be  removed  in  the  subsequent  oxi^don  step,  effectively  removing  most 
of  the  deposited  solid  with  no  attendant  increase  in  the  net  growth  rate.  Since,  up  to 
methane  concentrations  of  IS  %,  discussed  in  this  paper,  the  net  mwth  rate  of  diamond 
increases,  an  idtemative  mechanism  has  te  be  invoKM  to  explain  the  observations. 

It  is  clear  that  the  nature  of  the  diamond  surface  plays  a  crucial  role  in  the 
stabilization  of  the  diamond  phase  of  carbon.  Synthesis  of  diamond  at  high  methane 
concentrations  is  made  possible  as  a  result  of  surface  activation  by  oxygen. 
Consequently,  for  stabilizing  the  diamond  surface  at  low  imssures,  in  addition  to  atomic 
hydro^n  in  the  ambient,  the  nature  of  tim  surface  on  which  diamond  synthesis  occurs 
appean  to  be  very  important  We  suggest  that  oxv»n  creates  atomic  sized  steps  on  the 
(Uamond  surface  and  these  steps  promote  the  stabilization  of  the  diamond  phase  when 
carbon  is  added  to  the  surface  during  the  diamond  srathesis  cycle  of  {he  p^ess.  The 
steps  can  provide  a  higher  concentration  of  active  suri^  sites  which  can  be  occupied  by 
hydrogen  and  subsequently  replaced  by  carbon,  with  sp^  hybridization  being  promoted 
between  the  surface  carbon  atoms  and  the  arriving  carbon  atoms.  Atomic  sis^  steps  on 
the  surface  can  prevent  graphite  formation  by  providing  the  right  environment  for 
diamond  formation  at  the  surface,  since  the  steps  will  have  the  dimensions  of  the 
interatomic  spacing  (or  multiples  thercoO  of  diamond  and  thus  will  not  readily 
accommodate  ^phite  or  otiter  non-diamond  forms  of  carbon.  Steric  hindrance  ejects 
may  be  operational  in  suppressing  non  diamond  formation.  This  can  account  for  the 
observations  presented  here  whereby  diamond  synthesis  is  achieved  at  much  higher 
concentrations  of  methane  than  is  possible  with  steady  state  processes.  Figure  5  is  a 
schematic  illustration  this  mechamsm. 

The  finding  that  the  ( 100}  faces  of  diamond  crystals  are  observed  to  be  of  high 
^uali^,  presenting  a  smooth  well  foimed  surface  up  to  methane  concentrations  of  20  % 
in  hydrogen,  when  the  surface  is  periodically  activated  by  oxygen  further  supports  the 
contention  that  surface  steps,  or  ledges  stabilize  the  diamond  phase.  Surface  steps  are 
most  easily  formed  on  ( 100}  faces  and  the  sideways  propagation  of  these  steps  can  occur 
to  propagate  the  ^stal.  It  has  been  shown  that  at  high  synthesis  temperatures,  and  in  the 
presence  of  oxidizing  mcies  in  the  process  ambient,  {100}  faces  of  diamond  crystals 
predominate  (4).  This  finding  is  similar  to  the  observation  presented  here  whereby  the 
quality  of  the  { 100}  faces  of  diamond  crystals  is  maintained  at  a  high  level  with 
increasing  methane  conepntrations  while  &e  {111}  faces  get  contaminated  by  the 
overgrowth  of  diamond  like  carbon  phases.  These  results  cast  a  new  light  on  the 
mechanism  of  low  pressure  diamond  synthesis. 
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Figure  2  (a). 
Alternating 
chemistry  synthesis 
5  %  Methane  in 
Hydrogen  ( 2 
mms.);  0.5  % 
oxygen  in  hydrogen 
(  2  mins.) 


Figure  2  (b).  Alternating 
chemistry  synthesis  10  % 
Methwe  in  Hydrogen 
( 2  mins.);  0.5  %  oxygen 
in  hydrogen  (2  mins.) 


* 


Figure  2  (c).  Alternating 
chemistty  synthesis  15  % 
Methane  in  Hydrogen 
( 2  mins.);  0.5  %  oxygen 
in  hydrogen  (2  mins.) 
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METHANE  CONCENTRATION  IN  HYDROGEN 


Figure  3.  Growth  rate  as  a  function  of  methane  concentartion  for  diamond  synthesized  by 
alternating  chemistry  processing.  Electron  micrographs  of  diamond  crystals  show  that 
high  quality,  well  facetted  diamond  can  be  achieved  up  to  methane  concentrations  of  15% 
in  hydrogen  by  the  use  of  alternating  chemistry  synthesis. 
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Figure  4.  Scanning  electron  micrograph  of  a  cluster  of  diamond  crystals  synthesized  by 
the  cyclic  alternation  of  20%  methane  in  hydrogen  and  0.S  %  oxygen  in  hydrogen.  The 
{ 100}  faces  of  the  crystals  are  shooth  and  well  formed  whereas  the  (111)  and  other 
more  close  packed  planes  are  covered  with  a  diamond  like  carbon  layer. 
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SYNTHESIS  STEP 


CREATION  OF  ATOMIC  SIZED 

STEP  (S),  ACTIVE  SITES  FOR  CARBON 

ATTACHMENT 


SURFACE  OXIDATION  STEP 


SYNTHESIS  STEP 


CARBON  ATTACHMENT  AT  ACTIVE  SITE. 
GRAPHITE  FORMATION  SUPPRESSED,  DIAMOND 
PHASE  STABILIZED 


Figure  5.  Schematic  illustadon  of  the  stabilization  of  the  diamond  phase  of  carbon  at  low 
pressures  by  the  surface  structure  of  diamond. 
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Synthesis  of  Diamond  Films  with  Pulsed  Plasmas 


M.  Akiitfi  and  D.  Brock 

Naval  Ocean  Systems  Center,  San  Diego,  CA  92152 


Diamond  films  were  grown  in  plasmas  formed  with  microwaves  that 
were  modulated  with  a  pulse  generator.  Films  obtained  with  the  use 
of  pulse  periods  in  the  nanosecond,  microsecond,  and  millisecond 
ranges  were  compared  to  baseline  films  which  were  obtained  with  a 
CW  plasma.  The  deposited  films  were  examined  with  SEM,  XRD  and 
Micro-Raman  spectroscopy.  For  the  experimental  conditions  used,  the 
diamond  films’  growth  rates  and  quidity  improved  with  increasing 
pulse  duration  while  maintming  a  duty  cycle  at  nearly  SO  percent, 
and  reached  a  maximum  with  CW  generated  films.  This  was 
attributed  primarily  to  an  increasing  degree  of  supersaturation  of 
atomic  hydrogen  at  the  growth  surface  with  increasing  pulse  time. 


I.  INTRODUCTION 

The  metastable  growth  of  diamond  films  has  been  achieved  by  a  number 
of  continuous  plasma-enhanced  chemical  vapor  deposition  (CVD)  method  [1-4]. 
Of  these,  none  have  gained  more  attention  than  the  CW  microwave  plasma- 
enhanced  chemical  vapor  deposition  technique  [4|.  In  this  technique  the  amount 
of  microwave  power  used  is  typically  limited  by  the  extent  of  substrate  heating 
induced  by  plasma  and  microwave  heating.  Concomitantly,  this  restriction  in  the 
amount  of  microwave  power  that  can  be  used  also  reduces  the  amount  of 
reactants  that  can  be  dissociated  which  may  adversely  eflect  the  film’s  growth 
rate  as  well  as  quality. 

The  use  of  pubed  radio-frequency  discharges  of  very  hi^  power  to  deposit 
thin  films  has  recently  been  reported  by  Scaisbrook  et  al.  [5]!  They  found  that 
short  pulses  at  high  power  resulted  in  increased  reactant  dissociation  rates  while 
simultaneously  reducing  substate  heating.  This  resulted  in  higher  deposition  rates 
at  lower  temperatures  than  previously  obtained  by  steady  state  conditions.  Ih 
this  paper  we  investigate  the  use  of  microwave  mduced  pubed  plasmas  in  the 
CVD  growth  of  diamond  films. 


n.  EXPERIMENTAL  PROCEDURE 

A  microwave  plasma-enaanced  CVD  system  with  a  dielectric  waveguide 
was  used  in  the  deposition  of  the  diamond  films.  A  schematic  of  the  system  used 
b  shown  in  Fi^re  1.  The  use  of  dielectric  waveguides  to  form  plasmas  has  been 
described  previously  [6].  The  microwave  supply  was  modified  by  the  addition  of 
a  Phillips  PM5715  pulM  generator  for  pulse  operation,  and  the  maximum  power 
output  was  increased  by  an  order  of  magnitude  to  2.5KW  at  7.36  0.050  GHi 

from  that  previously  reported,  with  the  use  of  an  Energy  Systems  2.5KW,  Low 
X-Band  Amplifier. 
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Deposition  was  performed  on  (100)  silicon  n-type  substrates.  To  ud  in 
the  nucleation  and  reduce  the  time  necessary  to  nucleate  the  diamond  film,  the 
substrates  were  seeded  by  abrading  them  with  diamond  crystals  that  were  up  to 
2  micrometers  in  size.  The  dielectric  waveguide,  located  within  the  iimer 
chamber,  is  maintained  at  atmospheric  pressure.  The  silicon  substrates  were 
placed  horizontally  on  sapphire  tiles  that  rested  on  the  inner  chamber  just  above 
the  output  end  of  the  dielectric  waveguide.  In  addition  Grafoil,  a  graphite  sheet 
product  of  EGC  Corporation,  was  placed  about  the  substrate.  These  procedures 
were  used  to  suppress  unwanted  plasma  reactions  and  minimize  any  potential 
contamination  of  the  diamond  film 

After  the  deposition  tube  was  evacuated  to  less  than  100  millitorr,  argon 
was  introduced  into  the  reaction  chamber  and  the  plasma  initiated  when  the 
pressure  was  about  5  torr.  Oxygen,  and  then  hydrogen  were  introduced  into  the 
reaction  chamber.  The  deposition  pressure  was  first  set  by  using  a  throttle  valve, 
and  then  adjusted  with  a  vernier  controlled  metering  valve.  The  plasma’s 
intensity  was  greatest  at  the  surface  of  the  substrate  and  decreased  with  distance 
from  the  surface.  Depositions  were  performed  with  and  without  the  use  of 
external  heating.  When  a  furnace  was  not  used  the  substrate  was  heated  only  by 
the  plasma  and  microwave  heating.  Substrate  temperatures  were  measured  with 
a  Chapin  Tec,  Model  ROS-SU  two  color  optic^  pyrometer.  The  temperature 
deposition  range  was  between  800  and  1050°C  with  an  average  substrate 
temperature  of  925°C. 

The  gas  flow  rates  during  deposition  were  100  cc/min  hydrogen,  0.5 
cc/min  methane,  and  0.5  cc/min  oxygen,  hi  addition  argon,  which  acted  as  a 
diluent,  was  added  to  the  gas  (low  in  the  amounts  of  100  cc/min  for  CW  and  50 
cc/min  for  pulsed-piasmas  depositions  respectively.  The  pulse  generator  was  run 
in  the  nanosecond,  microsecond,  and  millisecond  ranges.  The  Energy  Systems 
klystron  amplifier  was  set  to  obtain  the  system’s  peak  power  for  all  pulsed-plasma 
depositions.  Duty  cycles  were  adjusted  to  about  50  percent,  to  obtain  an  average 
forward  power  that  was  similar  to  the  power  used  in  CW  baseline  depositions.  An 
effort  was  made  to  maintain  the  substrate  at  a  deposition  temperature  similar  to 
that  of  the  CW  baseline.  Deposition  times  were  between  7  and  8  hours. 


in.  RESULTS 

Some  remarks  are  in  order  concerning  the  pubing  of  microwaves  and  the 
resulting  plasmas.  Plasmas  formed  with  pulse  repetition  rates  in  the  nanosecond 
range  were  continuous.  Plasmas  formed  in  the  microsecond  and  millisecond 
ranges  were  pulsed.  In  addition,  the  the  rise  and  fall  time  of  the  microwave 
system  was  approximately  40  nanoseconds,  primarily  due  to  the  narrow 
bandwidth  of  the  klystron  amplifier.  As  a  result,  in  nanosecond  pulsed 
experiments  the  peak  microwave  power  was  not  reached  during  the  pulse  on-time 
nor  was  the  microwave  power  completely  turned  off  during  the  pulse  off-time. 

In  the  nanosecond  range,  with  a  pulse  duration  and  repetition  time  of  54 
and  100  nanoseconds  respectively,  the  deposited  film  was  not  continuous.  An 
FLiM  micrc^aph  of  the  discrete  crystallites,  with  poorly  deHned  faceting,  is 
shown  in  Figure  2a.  With  the  pulse  duration  and  repetition  time  increased  to  5 
and  10  microseconds  wpwtively,  the  deposited  film  exhibited  mostly  (ill) 
faceting  as  can  be  seen  in  Figure  2b.  Facets,  primarily  the  (ill),  were  reasonably 
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formed  and  typically  submicrometer  in  size.  However,  some  of  the  (100)  facets 
were  found  to  be  2.5  micrometers  in  length.  The  average  deposition  rate  was  0.4 
micrometers  per  hour.  In  the  millisecond  pulsed-plasma  range,  with  a  5.6 
millisecond  pulse  duration  and  a  10  millisecond  repetition  time,  the  film  exhibited 
well  defined  (111)  and  (100)  facets.  An  SEM  micrograph  is  shown  in  Figure  2c. 
The  largest  (100)  facet  faces  measured  5  micrometers  in  length.  The  average 
deposition  rate  was  0.8  micrometers  per  hour.  For  comparison  purposes  a  film 
was  deposited  using  a  continuous  plasma.  The  power  us^  was  equal  to  half  of 
the  per^  power  used  in  the  pulsed  mode.  The  SEM  micrograph  of  this  film  is 
shown  in  Figure  2d.  As  can  be  seen  very  well  defined  (100)  and  (111)  facets  are 
present.  The  lai  test  (100)  facets  faces  measured  12  micrometers  m  length.  The 
average  depositioi:  rate  was  1.5  micrometers  per  hour. 

If  we  assume  that  diamond  seeding  reduces  or  eliminates  the  incubation 
period  the  average  growth  rate  may  be  determined  from  the  thickness  of  the  film 
and  the  time  of  deposition.  In  Table  1,  the  thickness  and  growth  rate  of  the 
deposited  films  is  shown  as  a  function  of  the  pulse  period.  For  the  method  chosen 
to  calculate  the  growth  rate,  i.e.,  based  on  film  thickness,  no  growth  rate  could  be 
assigned  to  the  non-continuous  film  grown  with  a  plasma  generated  with 
nanosecond  pulsed  microwaves.  As  can  be  seen,  the  thickness  of  the  deposited 
nims  by  the  pulsed-plasma  technique  increased  with  the  pube  period  and  reached 
a  maximum  with  CW  plasmas. 

Table  1.  Thickness  and  growth  rates  of  pulsed  and  CW  plasma  deposited  films. 


MICROWAVE 

POWER 

FILM 

THICKNESS 

(pm) 

RLM 

GROWTH 

RATE 

(pm/hr) 

qsec  PULSED 

NON-CONTINUOUS 

psec  PULSED 

2.5 

0.4 

msec  PULSED 

6.0 

0.8 

CW 

10.2 

1.5 

A  Rigaku  Rotaflex  RU  200B  X-ray  diffractometer  was  used  to  determine 
the  structure  and  nature  of  the  deposits.  X-ray  diffraction  patterns  of  the 
continuous  deposited  films  obtmned  with  plasmas  formed  with  microsecond  and 
millisecond  pulsed,  and  CW  microwaves  are  shown  in  Figure  3.  Stick  figures  of 
the  standard  powder  pattern  of  natural  cubic  diamond  are  also  shown.  These 
defme  the  location  and  relative  intensity  of  the  most  prominent  cubic  diamond 
crystallographic  planes,  i.e.,  (Ill),  (220),  (311),  (400),  and  (331)  within  the 
diHraction  angle  of  2  theta  that  lie  between  0  and  140  degrees.  The  sharp  peaks 
not  located  at  the  stick  figures  are  that  of  the  crystalline  (100)  oriented  silicon 
substrate.  Of  particular  interest  is  the  deviation  between  the  standard  powder 
pattern  stick  figures  relative  intensity  ratios  and  that  of  the  intensity  rations  of 
the  deposited  diamond  films.  These  differences  indicated  that  the  deposited 
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diamond  film  crystal  orientation  is  non-random  and  exhibits  a  preferred  texture. 

The  Raman  spectra  of  continuous  films  deposited  with  plasmas  formed 
with  microsecond  and  millisecond  pulsed,  and  CW  microwaves  were  generated  by 
Instruments  SA  on  their  Raman  Microprobe  S3000  spectrophotometer  and  are 
shown  in  Figure  4.  Excitation  was  provided  with  the  514.5  nm  line  of  an  argon 
ion  laser.  The  film  grown  with  the  microsecond  pulsed  plasma  exhibits  a  very 
broad  non-diamond  p^  about  1600  cm-1  abcve  a  luminescent  background.  The 
msec  pulse  film  shows  a  broad  diamond  peak  about  1332.4  cm'^  and  a  broad 
non-diamond  peak  about  1500  cm-1.  By  comparison,  the  Raman  spectrum  of  the 
baseline  CW  plasma  film  exhibited  a  sharp  diamond  peak  with  a  FWHM  of  5.5 
at  1333.5  cm-1  with  no  other  carbon  peaks  or  fluorescent  background  present. 
Sharma  et  al.  [7]  found  that  differences  in  diamond  Raman  peak  location  could  be 
attributed  to  strain  in  the  diamond. 

The  pulsed  plasma  average  power  levels  were  nearly  equal  to  those  used  in 
the  baseline  CW  plasma,  however,  the  use  of  pulsed  plasmas  with  long  pulse  ofi- 
times  can  result  in  reduced  heating  of  the  substrate.  Although  this  study  did  not 
specifically  address  the  optimization  of  temperature,  to  determine  if  a 
temperature  e^t  did  exist  with  pulsed-plasma  depositions,  the  substrates  were 
heated  to  600  C  before  the  plasma  was  ignited.  A  less  than  ten  percent 
improvement  in  film  thickness  for  the  microsecond  pulsed-plasma  case  indicated 
some  substrate  cooling  had  occurred.  In  this  case  the  deposition  temperature 
could  have  been  optimized  for  maximum  growth,  but  it  was  not  the  primary 
cause  for  the  lower  growth  rate. 


IV.  DISCUSSION 


Our  present  understanding  of  the  chemical  vapor  deposition  of  metastable 
phases,  such  as  diamond,  is  that  large  deviations  from  thermodynamic 
equilibrium  exist  within  the  growth  environment,  and  that  the  metastable  phase 
is  kinetically  favored  has  been  discussed  [8].  The  general  chemistry  of  microwave 
plasma  enhanced  chemical  vapor  deposition  of  diamond  with  H„,  CH .,  and  O,  as 
reacting  gases  is  that  H,  CH,,  CjH,  and  OH,  have  been  found  w  be  the  prin&ry 
species  generated  by  the  plasma.  At  low  CH.  and  0,  concentrations  the  major 
exiting  gas  species  of  include  H,,  CH.,  C^Hj.^oO,  alld  CO  [9].  In  low  pressure 
diamond  gro\^h,  the  methyl  ladical'andr  acetylene  have  been  identified  as  the 
malor  carbonic  growth  species.  Using  isotopic  labeling  experiments,  Chu  et  al. 
[10]  found  that  the  methyl  radical  is  the  primary  growth  species.  Accordmgly,  in 
the  discussion  only  methyl  radicals  are  considered,  however  similar  arguments 
might  be  made  for  acetylene  radicals.  Martin  and  Hill  [11],  have  reported  that 
methyl  radicals  and  atomic  hydrogen  have  lifetimes  in  microseconds  and  seconds 
respectively.  As  previously  indicated,  the  gas  flows  were  maintained  at  constant 
flow  rates  during  the  deposition,  and  the  microwaves  were  pulsed  with 
approximately  50  percent  duty  cycles.  Based  on  this  understanding  and  upon  the 
results  of  this  experiment  it  is  proposed  that  the  extent  of  dissociation  of  the 
reactant  gases  determined  the  amount  and  nature  of  the  deposit. 


Diamond  deposition  with  plasmas  formed  with  nanosecond  pulsed 
microwaves  had  the  poorest  quality.  As  previously  indicated  the  forward  power 
riM  times  were  on  the  same  order  as  the  pulse  duration.  During  this  period,  the 
microwave  power  did  not  reach  its  maximum  value  limiting  the  dissociation  of 
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the  incoming  reactant  gases.  Scarsbrook  et  al.  [5|  reported  that  the  dissociation  of 
molecular  nitrogen  into  atomic  nitrogen  did  not  reach  its  maximum  concentration 
until  ISO  microseconds  into  the  pukn,  and  indicated  that  reactant  dissociation 
time,  within  a  plasma,  may  be  dependent  on  its  bond  strength.  Accordingly,  the 
time  it  tikes  to  dissociate  molecular  hydrogen  into  atomic  hydrogen  and  reach  its 
miufiTniim  concentration  at  the  given  microwave  power,  may  be  on  the  order  of 
75  microseconds.  For  nanosecond  pukw  periods  a  low  concentration  of  active 
species  may  not  provide  any  significant  diamond  growth. 

In  the  microsecond  pulsed  case,  the  increase  of  pulse  duration  to 
microseconds  far  exceeded  the  40  nanosecond  rise  time  of  the  microwave  system. 
As  a  result,  sufficient  time  was  available  for  the  microwave  forward  pwer  to 
reach  its  maximum  value  during  the  pulse  on-time.  This  allowed  for  an  increase 
in  reactant  dissociation  greater  than  could  be  achieved  in  the  nanosecond  case. 
For  the  5  microsecond  pulse,  the  reactant  gases  could  still  not  reach  their 
maximum  concentration  if  dissociation  times  are  in  tens  of  microseconds. 
Further,  the  microsecond  pulse  off-times  are  sufficiently  long  to  allow  the  short 
lived  methyl  radicals,  formed  from  the  dissociation  of  methane,  to  recombine  with 
atomic  hydrogen.  Methyl  radicals  must  now  be  generated  by  hydrogen 
abstraction  of  methane  with  atomic  hydrogen.  This  consumption  reduces  the 
number  of  atomic  hydrogen  formed  [12].  However,  the  the  net  increase  of  active 
species  results  in  an  improvement  over  the  nanosecond  case. 

In  the  millisecond  case,  rise  time  and  dissociation  time  are  small  compared 
to  the  pulse  on-time,  and  the  reactants  reach  their  maximum  concentration  for 
the  given  peak  power.  This  maximum  concentration  of  atomic  hydrogen  coupled 
with  the  concomitant  increase  of  atomic  hydrogen  generated  methyl  radicals 
remits  in  an  increased  growth  rate  for  the  film,  ha  the  millisecond  case,  because 
the  generation  rate  of  atomic  hydrogen  is  significantly  larger  for  millisecond  than 
for  either  nano-  or  microsecond  pulse  peri^,  the  amount  of  atomic  hydrogen 
remaining  after  recombination  is  still  higher  than  the  other  previous  pulsed  cases. 
However,  the  degree  of  atomic  hydrogen  supersaturation  is  dramatically  impacted 
by  its  recombination  during  the  pulM  off-time.  As  a  result,  the  qudity  of  the 
film,  as  represented  by  the  ratio  of  sp3  to  sp2  carbon  bon^,  only  mc^erately 
improves. 

Baseline  films  obtained  with  CW  formed  plasmas  had  growth  rates  and 
film  quality  that  exceeded  any  obtuned  from  pulsed-plasmas.  The  extent  of 
dissociation  of  the  reacting  gases  was  dependent  upon  the  microwave  forward 
power  and  the  resultant  plasma  density,  the  time  of  dissociation,  and  the 
recombination  rates. 

The  plasma  density  is  a  function  of  the  microwave  forward  power. 
Although  the  average  power  was  apprmcimately  the  same  for  both  the  CW  and 
pulsed  cases  their  peak  power  was  not.  Pulsed  plasmas  were  operated  at  near  SO 
percent  duty  cycles  and  their  peak  power  at  2.5  KW  was  double  of  that  of  the 
CW  case.  Due  to  the  rise  time,  only  the  microsecond  and  millisecond  pulses 
reached  peak  power  during  the  pulse  period.  As  a  result  the  plasma  density  for 
pulsed  cases  would  be  higher  than  CW  cases.  However,  the  plasma  density  would 
not  have  doubled,  since  the  plasma  density  increases  more  slowly  than  the 
applied  forward  microwave  power. 

The  time  for  dissociation  impacted  the  nanosecond  and  microsecond 
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pulsed  cues,  but  wu  not  a  factor  for  either  the  millisecond  pulsed  or  CW  casu. 
Methyl  radical  recombination  wu  a  factor  only  for  microsecond  and  millisecond 
pulsed  casu.  Atomic  hydrogen  recombination  becomu  significant  only  in  the 
millisecond  cau.  In  this  case,  with  the  mcreued  pulse  oflf>time  proportionately 
more  atomic  hydrogen  recombinu,  and  more  significantly  atomic  hydrogen  is  not 
being  generated.  From  the  data  reported  by  Martin  and  Hill  [11],  it  is  estimated 
that  for  the  S  millisecond  off-time  there  is  an  80  percent  recombination  of  atomic 
hydrogen  into  molecular  hydrogen.  For  the  experimental  conditions  used,  CW 
plumu  produced  a  higher  rate  of  reactant  gu  dissociation  than  any  of  the 
pulsed  casu.  As  a  ruult  the  growth  rate  and  quality  of  CW  films  were  higher 
than  pulsed'pluma  films. 

As  seen  in  Figure  2,  the  crystal  facets  increue  in  size  and  appearance  u 
the  pulse  on-time  increuu.  Crystal  faceting  can  also  be  considered  a  measure  of 
Him  quality.  Harker  and  DeNatale  [13],  noted  that  an  increue  in  the  oxygen 
content  of  the  reacting  guu  ruulted  in  improvements  in  reactive  etching  ratu, 
which  increased  the  diamond  crystallite  size.  The  possibility  of  depositing 
diamond  layers  with  pulse  on-timu  and  non-diamond  carbon  during  pulu  off- 
times  wu  considered.  However,  with  subsecond  pulse  cyclu  and  deposition  rates 
at  leu  than  an  angstrom  per  second,  atomic  layering  could  not  be  pouible.  As  a 
ruult,  it  wu  concluded  that  diamond  and  non-diamond  carbon  are  deposited 
simultaneously . 

Because  of  the  fixed  composition  of  the  incoming  reactant  gasu, 
iznprovements  in  growth  ratu  could  in  part  be  attributed  to  an  increau  in 
dissociation  of  the  carbon  precursor  methane.  However,  due  to  the  short  lifetime 
of  methyl  radicals,  the  mechanism  of  hydrogen  abstraction  is  needed  to  generate 
thue  radicals.  Although  oxygen  hu  bun  shown  to  improve  both  the  depuition 
rate  u  well  u  the  quality  of  the  film,  it  requires  the  presence  of  attxnic 
hydrogen.  Of  the  rolu  ucribed  to  oxygen  by  Spear  and  Frenklach  [14],  only  that 
of  promoting  the  gu  phue  production  of  hydrogen  would  apply  to  unproving  the 
growth  rate  of  diamond  films.  It  wu  first  reported  by  Spitsyn  et  al.  [15|  that 
atomic  hydrt^en  directly  contributes  to  both  the  quality  u  well  u  the  growth 
rate  by  stabilizing  the  diamond  surface,  preferentially  etching  sp  and  sp2  braided 
carbon  from  the  growing  surface,  and  activating  the  growth  surface  by  hydrogen 
abstraction.  The  improvement  in  diamond  film  growth  for  increuing  pulse 
periods  which  reached  a  maximum  for  CW  grown  films,  would  support  the  idea 
that  these  improvements  were  attributed  primarily  to  increasu  of  atomic 
hydrogen.  For  a  given  ratio  of  hydrogen  and  methane,  once  the  supersaturated 
level  of  hydrogen  is  reached,  diamond  is  deposited.  Once  diamond  growth  is 
uhieved,  increuing  the  atomic  hydri^en  by  only  a  small  factor  will  significantly 
improve  the  gro^h  rate  emd  quality.  This  is  in  qualitative  agreement,  for  the 
low  preuure  regime  portion  of  the  theory  proposed  by  Vandenbulcke  et  rf.  [16], 
which  concerns  the  effects  of  atomic  hydrogen  supersaturation  on  the  growtn  of 
diamond. 


V.  SUMMA1.Y  AND  CONCLUSIONS 

Diamond  films  were  grown  in  plasmu  formed  with  microwavu  that  were 
modulated  with  a  pulse  generator.  Films  obtained  with  the  use  of  cycle  times  in 
nanosecond,  microsecond,  and  millisecond  ranges  with  50  percent  pulse  on-times 
were  compared  to  baseline  films  which  were  obtained  with  a  CW  pluma.  For  the 
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experimental  conditions  used,  the  diamond  films'  growth  rates  and  quality 
improved  with  increasing  pulse  duration,  and  reached  a  maximum  with  CW 
generated  film.  This  was  attributed  primarily  to  an  increasing  degree  of 
supersaturation  of  atomic  hydrogen  at  the  growth  surface  with  increasing  pulse 
duration. 
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Figure  1.  Schematic  drawing 


of  the  pulse/CW  plasma  deposition  system. 


Fi^re  3.  XRD  pattern  of  microsecond 
iniiiisecond  pulsed,  and  CW  plasma 
deposited  diamond  film. 


Figure  4.  Micro-Raman  spectra  of 
microsecond  and  millisecond  pulsed 
Md  CW  plasma  deposited  diamond 
film. 
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Abstract 

A  computer  controlled  gas  manifold  has  been 
used  to  cycle  between  oxygen-rich  and  acetylene- 
rich  combustion  flames  during  diamond  deposition  in 
order  to  achieve  higher  growth  rates  without 
sacrificing  diamond  quality.  The  experimental 
parameters  studied  include  the  frequency  of  cycling 
between  flames  and  the  carbon-to-oxygen  (C/0)  ratio 
of  the  acetylene-rich  flame.  The  acetylene-rich 
flame  used  during  the  deposition  part  of  the  cycle 
has  a  c/0  ratio  higher  than  that  used  to  deposit 
high  quality  diamond  films  with  low  defect 
densities.  The  oxygen-rich  flame  etches  the  non¬ 
diamond  components  that  are  deposited 
simultaneously  with  diamond  components  when  using  a 
high  C/0  ratio.  Results  show  that  according  to 
infrared  transmittance  and  Raman  Spectroscopy, 
using  a  eye] ing  time  of  less  than  one  minute  will 
result  in  the  deposition  of  high  quality,  defect- 
free  diamond  films  under  the  experimental 
conditions  for  this  work.  This  maximum  acceptable 
cycling  time  must  be  decreased  for  depositing 
conditions  that  lead  to  higher  diamond  growth 
rates.  These  films  exhibit  intense  Raman  peaks  at 
1332  cm’’  with  no  detectable  non-diamond  peaks  and 
no  significant  one-phonon  band  absorption  in 
infrared  transmittance  measurements. 


1.  INTRODUCTION 

The  already  exciting  CVD  technologies  for  the 
deposition  of  diamond  films  on  large  area  substrates  at  low 
pressure  and  low  temperature  are  further  promoted  by  the 
capabilities  of  either  growing  diamond  films  at  high  rates 
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(1)  or  depositing  diamond  films  of  excellent  quality  (2,3). 
Unfortunately,  it  is  roughly  the  rule-of-thumb  that  a 
trade-off  exists  between  depositing  high  quality  diamond 
films  and  depositing  diamond  films  at  high  rates. 
Therefore,  it  is  highly  desirable  to  develop  a  technology 
beyond  the  conventional  continuous  diamond  growth  processes 
for  achieving  defect-free  diamond  films  at  high  growth 
rates.  This  is  especially  urgent  for  applications,  i.e. 
free-standing  long  wavelength  infrared  (LWIR)  windows,  that 
require  thick  diamond  films  with  minimum  defect  densities. 


2.  EXPERIMENTAL 

A  diagram  of  the  oxy-acetylene  torch  setup  showing  two 
modes  of  operation  is  shown  in  Figure  1.  A  computer 
controls  a  3-way  solenoid  valve  that  is  used  to  either  add 
extra  oxygen  to  the  combustion  flame  thus  creating  an 
oxygen-rich  "etching"  flame  or  to  vent  the  extra  oxygen  to 
air  thus  increasing  the  C/0  ratio  of  the  com.  astion  gas 
supplied  to  the  flame.  A  manual  valve  is  placed  at  the  vent 
opening  of  the  solenoid  valve  and  is  adjusted  so  that  no 
change  in  pressure  occurs  downstream  the  mass  flow 
controller  during  the  cycling  operation.  The  acetylene  flow 
rate  remains  fixed  during  the  cycling.  The  remainder  of  the 
torch  setup  has  been  described  previously  (4-7). 

To  achieve  a  reproducible  high  quality  diamond  film  by 
the  oxy-acetylene  flame  method,  the  acetylene/oxygen  flow 
ratio  must  be  controlled  very  accurately.  This  is  further 
complicated  by  the  fact  that  acetone  present  in  the 
acetylene  cylinder  influences  the  oxy-acetylene  flame  to  a 
varied  extent  depending  on  the  ambient  temperature  and  the 
acetylene  pressure  in  the  cylinder,  i.e.  the  fraction  of 
acetone  included  in  the  acetylene  flow  varies  from 
experiment  to  experiment.  Although  activated  charcoal  is 
used  in  our  experimental  setup,  a  slight  change  in  the 
flame  is  still  present  from  run  to  run,  presumably  due  to 
a  small  temperature  induced  drift  in  the  electronics  of  the 
mass  flow  controllers  and  the  residual  acetone  incorporated 
into  the  oxy-acetylene  flame.  In  order  to  compare  several 
experimental  runs,  we  chose  to  keep  the  length  of  the 
acetylene  feather  constant  for  each  deposition  by  slightly 
adjusting  the  electronic  mass  flow  controller  set-points. 

Diamond  films  deposited  on  molybdenum  become  free¬ 
standing  after  cooling  down  from  the  deposition  temperature 
due  to  the  thermal  expansion  mismatch  between  diamond  and 
molybdenum.  These  free-standing  diamond  films  are 
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characterized  by  means  of  Raman  spectroscopy,  Fourier 
Transform  Infra-red  (FTIR)  absorption  measurements, 
photoluminescence  measurements,  and  scanning  electron 
microscopy.  in  this  paper,  we  report  a  sequential 
deposition  and  etching  process  that  uses  an 
acetylene/oxygen  ratio  during  the  deposition  cycle  that  is 
higher  than  what  is  normally  required  for  achieving  high 
quality  diamond  films  by  the  conventional  continuous 
deposition  method  (3) .  The  effects  of  the  cycling  frequency 
on  the  LWIR  absorption  spectra  and  its  correlation  with  the 
corresponding  Raman  spectra  are  discussed. 


3.  RESULTS  AND  DISCUSSION 

The  Raman  spectra  for  diamond  films  deposited  under 
different  cycling  conditions  are  shown  in  Figure  2.  Curve 
(e)  in  Figure  2  is  for  the  diamond  film  deposited 
continuously  without  cycling  between  deposition  and 
etching.  A  broad  luminescent  background  can  be  seen  in  this 
spectrum  along  with  the  diamond  Raman  peak  at  1332  cm’’.  The 
infrared  absorption  spectrum  for  this  continuously 
deposited  diamond  film  is  shown  in  Figure  3  (curve  #4*) . 
The  one-phonon  absorption  coefficient  for  this  sample  is 
around  10  cm''  and  the  maximum  "C-H  Stretch"  absorption  peak 
is  around  ^0  cm'’.  These  are  referenced  to  the  absorption 
coefficient  of  12.3  cm'’  present  at  the  5  im  wavelength  in 
the  two-phonon  band  which  is  intrinsic  to  all  diamond  and 
relatively  insensitive  to  defects  and  impurities  in  the 
diamond  (8) .  The  infrared  absorption  coefficients  for  this 
sample  are  too  high  for  LWIR  applications  that  require 
thick  diamond  films  and  high  LWIR  transmittance. 

A  sequential  deposition  and  etching  process  that  does 
repetitive  40  second  deposition  and  10  second  etching  is 
used  to  deposit  diamond  films.  The  corresponding  Raman  and 
FTIR  spectra  for  this  film  are  shown  in  Figure  2  (curve  d) 
and  Figure  3  (curve  #4) ,  respectively.  The  dramatic 
improvement  in  the  optical  quality  of  the  diamond  film  is 
clearly  seen  from  the  sharp  diamond  Raman  peak  at  1332  cm'’ 
without  any  detectable  background  signals  caused  by  non¬ 
diamond  in  the  film.  This  improvement  is  further  evidenced 
by  the  infrared  absorption  spectrum  showing  nondetectable 
one-phonon  absorption  in  the  8  /im  to  12  /urn  wavelength 
range.  The  only  extrinsic  infrared  absorption  band  detected 
in  this  sample  is  the  relatively  small  "C-H  stretch" 
absorption  that  is  caused  by  hydrogen  contamination  in  the 
diamond  film.  The  nondetectable  one-phonon  absorption  makes 
this  diamond  film  especially  useful  for  LWIR  applications 
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that  require  very  high  transmittance  in  the  7-12  urn  range. 

The  sequential  deposition  and  etching  process  must  be 
performed  at  a  sufficiently  fast  cycling  time.  If  the 
cycling  time  is  too  long,  the  non-diamonds  deposited  on  the 
film  may  accumulate  to  an  extent  that  they  can  no  longer  be 
removed  by  the  subsequent  etching  cycle.  The  quality  of  the 
diamond  film  degrades  as  the  cycling  period  increases  from 
40  seconds  deposition  and  10  seconds  etching  for  the 
experimental  conditions  used  in  this  work.  This  is  shown  in 
the  increasingly  degrading  Raman  spectra  shown  in  Figure  2 
(curves  c,  b,  and  a)  and  the  cbrresponding  infrared 
absorption  spectra  shown  in  Figure  3  (curves  #3,  #2,  and 
#1),  respectively.  The  non-diamonds  buried  in  .the  fast 
growing  diamond  films  are  obviously  responsible  for  the 
degradation  of  the  diamond  film  quality  as  the  cycling  time 
increases.  For  diamond  deposition  conditions  that  lead  to 
higher  growth  rates  than  the  present  work,  an  even  shorter 
cycling  time  will  be  needed  to  remove  the  non-diamond 
components  before  they  are  buried  beneath  the  film's 
surface. 


4.  CONCLUSION 

A  sequential  deposition  and  etching  process  using  the 
oxy-acetylene  flame  method  is  reported.  This  dynamic 
deposition  process  can  either  improve  or  deteriorate  the 
quality  of  the  diamond  films  depending  on  the  experimental 
conditions,  especially  the  cycling  time.  It  has  been 
clearly  demonstrated  that  by  cycling  the  deposition  and 
etching  periods  at  an  optimal  rate,  high  quality  diamond 
films  with  few  defects  as  judged  by  the  nondetectable  one- 
phonon  absorption  in  the  infrared  absorption  spectra  and 
the  nondetectable  non-diamond  background  signals  in  the 
Raman  spectrum.  Tjiis  sequential  deposition  process  is 
therefore  promising  for  further  accelerating  the  production 
of  high  quality  diamond  films  for  applications  that  require 
the  best  possible  diamond  films. 
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Figure  1.  Oxy-acetylene  torch  setup  showing  the  acetylene- 
rich  (left)  and  oxygen-rich  (right)  flames  used 
during  sequential  deposition  and  etching  processes. 
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Figure  2.  Raman  spectra  of  oxy-acetylene  torch  deposited  diamond 
films  grown  by  sequential  deposition  and  etching 
processes.  Spectra  (a)  through  (d)  were  taken  from 
samples  grown  using  four  different  cycling  times. 
Spectra  (e)  was  taken  from  a  sample  that  did  not  use 
cycling,  but  used  only  the  deposit  flame  to  grow  the 
film.  Spectra  (d)  shows  the  optimal  cycling  time  of 
40  seconds  deposition  and  10  seconds  etching  for  this 
set  of  experiments  according  to  Raman  Spectroscopy. 
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Figure  3.  Infrared  absorption  spectra  of  diamond  films  from 
which  Raman  measurements  in  Figure  2  were  taken. 
Spectra  #1  was  taken  from  a  sample  grown  by  cycling 
between  8  minutes  deposition  and  2  minutes  etching. 
Spectra  #2  is  from  a  4  minutes  deposition  and  1 
minute  etching  sample.  Spectra  #3  used  2  minutes 
deposition  and  30  seconds  etching.  Spectra  #4  used 
40  seconds  deposition  and  10  seconds  etching.  Spectra 
#4*  involved  no  cycling  and  only  the  deposit  flame 
was  used  to  grow  the  diamond  film.  Again,  spectra  #4 
(40  seconds  deposition/  10  seconds  etching)  shows 
the  optimal  cycling  time  for  this  set  of  experiments 
according  to  infrared  absorption  measurements. 
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ABSTRACT 

Diamond  films  were  deposited  on  molybdenum 
substrates  in  a  radio-frequency  plasma  reac¬ 
tor  operating  at  atmospheric  pressure. 
Continuous  10-|lm-thick  polycrystalline  films 
were  produced  in  one-hour  runs.  Cases  with  a 
1%  methane-hydrogen  ratio  consistently  pro¬ 
duced  well-faceted  crystallites,  while  cases 
with  a  5%  ratio  produced  cauliflower-type 
structures.  In  either  case,  crystallite  size 
and  morphology  tended  to  be  uniform  over  the 
deposition  area. 


INTRODUCTION 

Inductively-coupled  radio-frequency  (rf)  thermal  plasmas 
offer  several  potential  advantages  for  diamond  film  deposi¬ 
tion.  As  with  direct-current  (dc)  plasmas  the  deposition 
rates  are  high.  However  there  are  several  important  differ¬ 
ences  between  dc  and  rf  plasmas  which  affect  diamond  deposi¬ 
tion  . 

A  dc  jet  typically  has  higher  peak  temperatures  (~20,000 
K)  and  higher  peak  velocities  (several  hundred  m/s)  than  an 
rf  plasma,  resulting  in  thinner  substrate  boundary  layers. 
While  the  rf  plasma  is  still  hot  enough  (~10,000  K)  to  pro¬ 
mote  complete  hydrogen  dissociation,  the  radicals  responsi¬ 
ble  for  diamond  growth  must  diffuse  across  the  cold  boundary 
layer.  It  is  thus  perhaps  not  surprising  that  higher  linear 
growth  rates  have  been  reported  with  dc  jets.  On  the  other 
hand,  because  a  dc  jet  concentrates  its  energy  into  a  rela¬ 
tively  narrow  region  along  the  flow  axis,  it  has  extremely 
steep  radi*l  temperature  gradients,  whereas  an  induction 
plasma  has  a  larger,  more  uniform  volume,  and  is  therefore 
more  conducive  to  coating  a  large  area  uniformly.:  Matsumoto 
(1)  compared  his  results  obtained  with  dc  and  rf  thermal 
plasmas,  depositing  diamond  on  20-mm  diameter  molybdenum 
substrates.  For  comparable  cases  (both  at  atmospheric  pres- 
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sure,  and  with  similar  flow  rates  of  hydrogen  and  methane) , 
the  linear  deposition  rates  were  4  ^lm/min  with  the  do  jet 
and  2  ^m/min  with  the  rf  plasma,  while  the  diameter  of  the 
deposited  film  was  6-7  mm  for  the  do  jet  and  20  mm  for  the 
rf  case.  A  simple  calculation  then  shows  that  the  volumet¬ 
ric  deposition  rate  was  approximately  five  times  greater  for 
the  rf  plasma  (~40  mm^/h)  compared  to  the  dc  jet  {~8  mm^/h) , 
indicating  a  higher  carbon  conversion  efficiency  for  the  rf 
plasma.  In  reporting  their  experiments  with  dc  jet  diamond 
deposition,  the  SRI  group  (2)  emphasized  the  highly  nonuni¬ 
form  nature  of  the  film,  which  they  attributed  to  severe  ra¬ 
dial  gradients  in  the  plasma. 

Another  difference  between  dc  and  rf  thermal  plasmas 
concerns  film  contamination.  Electrode  erosion  is 
inevitable  with  dc  plasmas,  and  this  may  pose  a  serious  lim¬ 
itation  for  certain  diamond  applications,  particularly  for 
electronic  devices.  In  contrast  rf  thermal  plasmas  are  in¬ 
ductively  coupled.  There  are  no  electrodes,  hence  they  are 
inherently  cleaner  than  dc  plasmas.  Matsumoto  (1)  reported 
that  his  dc  jet-deposited  film  was  contaminated  with  tung¬ 
sten  and  copper,  whereas  little  contamination  was  found  in 
the  films  produced  with  his  rf  reactor.  The  SRI  group  found 
substantial  concentrations  of  impurities  in  their  dc  jet- 
deposited  film,  including  stainless  steel  constituents  and 
refractory  metals  attributable  to  the  electrodes. 

Thus,  while  rf  thermal  plasmas  may  produce  less  spectac¬ 
ular  linear  growth  rates  than  dc  plasmas,  they  are  at  least 
competitive  regarding  carbon  conversion  efficiency,  are  more 
promising  regarding  film  uniformity,  and  have  a  definite  ad¬ 
vantage  with  respect  to  film  purity.  However  to  our  )<nowl- 
edge  the  only  group  other  than  Matsumoto 's  (3)  to  have  re¬ 
ported  diamond  deposition  using  an  rf  thermal  plasma  is  the 
group  at  Stanford  (4,  5) .  Both  groups  deposited  on  molybde¬ 
num  substrates.'  Matsumoto's  group  used  a  stagnation-point 
flow  geometry,  and  reported  the  effect  of  varying  tlie 
methane  flow  rate  between  0.1  and  1.2  slpm,  with  a  hydrogen 
flow  rate  of  12  slpm.  The  Stanford  group  compared  results 
with  the  substrate  oriented  either  for  stagnation-point  flow 
or  for  flat  plate  parallel  flow,  but  otherwise  did  not  re¬ 
port  any  variation  of  operating  parameters. 

As  a  first  step  toward  characterizing  the  parameter 
space  for  diamond  film  deposition  in  an  rf  thermal  plasma, 
we  conducted  a  series  of  experiments  involving  eight  sets  of 
conditions  with  variation  of  five  operating  parameters. 
This  series  of  experiments  was  not  sufficient  to  establish 
clear  correlations  between  film  properties  and  parameter 
values.  However  the  results  provide  guidance  for  the  design 
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of  further  experiments,  which  together  with  appropriate  di¬ 
agnostics  and  numerical  modeling  could  elucidate  the  mecha¬ 
nisms  for  diamond  film  CVD  in  a  thermal  induction  plasma. 


EXPERIMENTAL  CONDITIONS 

In  these  experiments  the  plasma  reacto..  was  driven  by  a 
nominally  20-kW  rf  generator,  supplying  current  at  a  mea¬ 
sured  frequency  of  2.93  KHz  to  a  five-turn  induction  coil. 
The  generator  controls  were  adjusted  in  each  case  to  provide 
the  same  rms  coil  current,  82  A.  Generator  plate  power  was 
typically  12-14  kW.  We  have  performed  numerical  simulations 
(6)  which  indicate  that  the  actual  power  coupled  to  the 
plasma  was  5-6  kW. 

The  reactor  is  shown  schematically  in  Figure  1.  The 
plasma  tube  consisted  of  water-cooled  quartz,  with  an  inner 
diameter  of  46  mm.  Argon  at  40  slpm  was  int/  oduced  at  the 
top  of  the  tube  through  a  swirl  injection  ring.  Hydrogen  (8 
slpm)  and  methane  (0.08-0.40  slpm)  were  introduced  coaxially 
through  a  water-cooled  injection  tube  with  a  1.8-mm  inner 
diameter,  inserted  directly  into  the  plasma.  An  important 
consequence  of  this  injection  method  is  that  the  reactants 
emerge  into  the  plasma  in  the  form  of  a  high-velocity  jet. 
Our  numerical  calculations  (6)  indicate  that  the  peak  jet 
velocity  was  ~130  m/s,  compared  to  the  background  argon  ve¬ 
locity  of  ~10  m/s.  The  hydrogen/methane  jet  impinged  in 
stagnation-point  flow  upon  the  substrate. 

Substrates  consisted  of  25-mm-diameter  molybdenum  disks, 
which  were  fastened  to  a  stainless  steel  insert  of  variable 
thickness,  hereafter  referred  to  as  the  "thermal  insert." 
The  thermal  Insert  in  turn  was  mounted  on  a  water-cooled 
copper  cylinder.  By  varying  the  thermal  insert  thickness 
the  substrate  surface  temperature  could  be  varied  indepen¬ 
dently  of  the  distance  of  the  substrate  from  the  last  induc¬ 
tion  coil.  The  temperature  of  the  top  surface  was  measured 
with  a  two-color  pyrometer  (Ircon  Modline  Series  R)  . 
Surface  temperatures  for  cases  in  which  diamond  was  produced 
were  in  the  range  1090-1250  K,  with  an  average  repeatability 
of  ±15  K  for  given  sets  of  operating  conditions. 

An  initial  eight-run  sequence  of  experiments  was  planned 
according  to  a  factorial  design  (7) .  The  following  five  pa¬ 
rameters  were  varied:  distance  z  of  the  substrate  below  the 
last  induction  coil  (either  2  cm  or  6  cm);  distance  y  of  the 
hydrogen-methane  injection  tube  above  the  last  induction 
coil  (either  2.5  cm  or  4.5  cm);  methane/hydrogen  ratio 
(either  1%  or  5%) ;  thickness  d  of  the  thermal  insert  (either 
6  mm  or  10  mm) ;  and  whether  or  not  the  substrate  was  pre- 
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treated  with  an  application  of  pump  oil,  which  has  been  re¬ 
ported  to  increase  nucleation  density  (8) .  For  this  set  of 
experiments  all  substrates  were  pretreated  by  scratching 
with  1/4-Hm  diamond  paste,  and  the  run  duration  for  each 
test  was  one  hour.  Each  experiment  was  repeated  on  a  sepa¬ 
rate  occasion  to  test  for  reproducibility.  Samples  were  ex¬ 
amined  with  scanning  electron  microscopy  (SEM) ,  x-ray 
diffraction  and  Raman  spectroscopy. 


RESULTS  AND  DISCUSSION 

One  outcome  of  the  experiments  was  the  observation  that 
reproducibility  was  good.  In  particular,  given  parameter 
combinations  reproducibly  resulted  in  the  formation  of  ei¬ 
ther  well-faceted  crystals  or  "cauliflower"  structures,  and 
the  size  and  density  of  these  were  surprisingly  reproducible 
considering  that  the  surface  condition  prior  to  deposition 
inevitably  varied  from  sample  to  sample..  With  one  excep¬ 
tion,  however,  these  experiments  did  not  establish  correla¬ 
tions  for  the  parameters  tested.  We  do  not  believe  that 
this  indicates  that  these  parameters  are  unimportant,  only 
that  eight  runs  are  not  in  general  adequate  to  establish 
correlations  for  a  five-dimensional  parameter  space. 

The  exception  was  the  methane/hydrogen  ratio,  which  was 
observed  to  determine  whether  the  crystallite  morphology  was 
well-faceted  or  of  the  cauliflower  type.  Regardless  of  the 
values  of  the  other  four  parameters,  every  case  with  a  1% 
ratio  resulted  in  faceted  crystallites,  while  every  case 
with  a  5%  ratio  produced  cauliflower-shaped  structures. 
Similar  results  for  the  effect  of  C:H  ratio  on  film  morphol¬ 
ogy  were  reported  by  Matsumoto  in  his  rf  thermal  plasma  ex¬ 
periments  (3),  and  have  also  been  reported  for  diamond  CVD 
using  other  methods,  including  microwave  discharge  (9),  com¬ 
bustion  flame  (10),  and  hot  filament  (11).; 

An  example  of  the  results  from  the  1%  case  is  shown  in 
Figure  4.  (SEM  micrographs  are  grouped  together  on  the  last 
page  of  this  paper.)  The  predominance  of  octahedral  and 
cubo-octahedral  structures,  with  many  (111)  faces  showing, 
was  quite  typical,  although  in  some  cases  we  instead  ob¬ 
tained  films  terminating  almost  entirely  in  (100)  faces. 
Micro-Raman  spectra  obtained  from  these  films  produced  sharp 
pea)cs  close  to  the  1332  cm~^  pealc  of  natural  diamond.  A 
typical  result  is  shown  in  Figure  2,  which  was  obtained  from 
the  film  shown  in  Figure  4 ., 

Figure  5  shows  a  typical  result  obtained  with  a  5% 
methane/hydrogen  ratio.  These  structures  are  seen  to  be 
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characterized  by  a  high  density  of  layered  crystallites  ter¬ 
minating  in  small  (100)  facets.  The  corresponding  Raman 
spectrum,  seen  in  Figure  3,  still  shows  the  pea)c  associated 
with  diamond,  but  it  is  broader  than  in  the  well-faceted 
cases,  and  the  broad  band  at  higher  wavenumbers  inc' cates 
the  presence  of  non-diamond  carbon. 

For  one-hour  runs  in  which  continuous  polycrystalline 
films  were  obtained,  the  thickness  was  typically  -10  Urn,  as 
in  Figure  6.  This  linear  growth  rate  is  lower  than  that  re¬ 
ported  by  Matsumoto's  group.  However  it  should  be  noted 
that  their  reported  film  thickness  of  6-12  )lm  (3) ,  for  a 
case  cited  as  producing  l-)im/min  growth,  implies  a  deposi¬ 
tion  time  of  -10  minutes,  suggesting  a  high  initial  nucle- 
ation  density,  perhaps  attributable  to  superior  substrate 
surface  conditions.  It  is  not  clear  whether  their  initially 
high  growth  rates  were  (or  would  be)  maintained  for  contin¬ 
ued  growth  of  thicker  films. 

The  Stanford  group  reported  linear  growth  rates  of  1-10 
Hm/h,  however  in  general  they  did  not  obtain  continuous 
films.  We  speculate  that  the  reason  we  obtained  denser 
films,  with  higher  growth  rates,  is  that  the  deposition  sur¬ 
face  in  the  experiments  reported  herein  was  richer  in  atomic 
hydrogen  than  in  the  Stanford  experiments.  There  are  two 
reasons  for  this.  First,  while  the  hydrogen  flow  rates  are 
fairly  similar — 8  slpm  in  these  experiments,  -12  slpm  in  the 
Stanford  case — the  argon  f]ow  rates  are  rather  different — 40 
slpm  in  these  experiments,  -110  slpm  in  the  Stanford  case — 
so  that  the  ratio  of  hydrogen  to  argon  atoms  was  at  least 
twice  as  high  in  these  experiments.  Perhaps  more  signifi¬ 
cantly,  as  noted  in  the  preceding  section,  in  our  reactor 
hydrogen  and  methane  are  coaxially  injected  as  a  high- 
velocity  jet  which  emerges  directly  into  the  plasma  core, 
whereas  in  the  Stanford  experiments  the  reactants  were  in¬ 
jected  either  with  argon  at  the  upstream  end  of  the  plasma 
torch  or  radially  into  the  tail  flame.  The  Stanford  group 
argued  that  their  boundary  layer  was  thick  enough  to  allow 
time  for  hydrogen  atoms  to  recombine  before  they  diffused  to 
the  surface  (4)  .  For  constant-property  stagnation-point 
flow  the  boundary  layer  thickness  varies  as  the  inverse 
square  root  of  freestream  velocity  (12) .  Thus  the  coaxial 
jet  injection  method  caused  our  boundary  layer  to  be  -3-4 
times  thinner  than  it  would  have  been  otherwise,  signifi¬ 
cantly  increasing  the  probability  for  hydrogen  atoms  and 
other  radicals  to  reach  the  surface. 

We  usually  observed  a  considerable  degree  of  uniformity 
over  the  entire  deposition  area,  typically  -60%  of  the  sub¬ 
strate  surface.  Regardless  of  the  crystallite  morphology  we 
found  that  in  most  cases  the  morphology,  cystallite  size. 
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and  nucleation  density  were  quite  uniform  over  regions  ex¬ 
tending  from  the  substrate  center  to  near  the  edge. 

Finally,  we  also  found  diamond  films  on  the  side  sur¬ 
faces  of  the  molybdenum  substrates,  as  seen  in  Figure  7.  As 
the  boundary  layer  on  the  side  is  fundamentally  different 
than  on  the  top,  it  is  not  surprising  that  we  found  a 
greater  variety  of  morphologies  on  the  side,  with  less  uni¬ 
formity,  than  on  the  top  of  the  substrates. 
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Figure  1 

Schematic  of  rf  plasma  diamond  deposition  reactor. 


Figure  2.  Raman  spectrum 
for  a  case  with  a  1% 
methane/hydrogen  ratio. 


Figure  3.  Raman  spectrum 
for  a  case  with  a  5% 
methane/hydrogen  ratio. 
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Figure  4.  SEM  micrograph 
for  a  case  with  a  1% 
methane/hydrogen  ratio. 


Figure  5,  SEM  micrograph 
for  a  case  with  a  5% 
methane/hydrogen  ratio. 


Figure  6.  SEM  micrograph 
of  a  cross-section  with  1% 
methane/hydrogen  ratio.; 


Figure  7.  SEM  micrograph 
of  film  deposited  on  a 
substrate  side  (same 
substrate  as  in  Fig.  6) . 
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ABSTRACT 

A  laser  plasma  ablation  technique  has  been  used  for  the  deposition  of 
diamondlike  carbon  films.  Systematic  studies  in  the  temperature  and 
ambient  dependence  show  a  growth  and  ordering  of  the  bonding 
components  in  the  films.  Raman  parameters  indicate  that  the  half  widths  of 
the  "D'and  'G'  bands  decrease  with  increasing  T  (substrate)  suggesting  an 

ordering  of  the  sp^  and  sp^  bonding  componentsin  the  film.  Hydrogenation 

is  known  to  promote  the  formation  of  sp^  bonds.  In  a  hydrogen  ambient  the 
DLC  films  exhibited  a  sharp  reduction  in  the  halfwidths  and  an  increase  in 
the  intensity  of  the  'D'  band.  Therefore  there  appears  to  be  a  drect 

correlation  with  the  sp^  fraction  and  the  'D'  band  in  the  Raman  spectra. 

This  conclusion  is  supported  by  the  presence  of  octahedral  features 
heterogenously  nucleated  in  the  film.  TCM  observations  suggest  growth  on 
the  <11 1>  facets  occur  by  a  step  mechanism.  Ion  implantation  studies 
provides  supporting  evidence  of  the  ordering  and  growth  in  the  films  as  a 
function  of  substrate  temperature  and  ambient. 

1.  introductifln 

The  laser  plasma  ablation  of  graphite  is  a  unique  technique  for 
the  deposition  of  DLC  films  [1,  2].  The  high  temperatures  generated 
in  the  ablation  process  (>6000  K  )  [3]  leads  to  excited  carbon 
species.  These  species  are  quenched  on  a  relatively  cooler  substrate 
(  300  -  1000  K  )  depositing  metastable  structures  with  interesting 
and  controllable  properties. 

Raman  spectroscopy  plays  an  important  role  in  the  analysis  of  the 
various  allotropes  of  carbon.  The  origin  of  the  'D'  and  'G'  bands  in 
DLC  films  is  an  important  issue  which  is  still  not  resolved 
conclusively.  Yoshikawa  [4]  proposed  that  the  Raman  bands 

originated  from  carbon  clusters  with  the  sp2  configuration, 
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however,  he  also  suggested  that  carbon  clusters  with  sp^ 
configuration  had  an  indirect  influence  on  the  bonding.  Schroeder  and 
Nemanich  [5]  have  also  attributed  the  peak  positions  and  narrow  half 
widths  to  the  presence  of  microcrystaliine  graphitic  domains. 
Walrafen  [6]  investigated  a  variety  of  carbon  materials.  His 
investigations  revealed  that  the  width  of  the  'D'  band  is  a  measure  of 

the  randomness  of  the  structures  involved  in  sp^  bonding. 

We  describe  a  series  of  systematic  experimems  using  the  laser 
plasma  ablation  of  graphite  to  elucidate  the  specific  nature  of  the 
'D'  and  'G'  bands.  The  variation  of  spectral  parameters  as  a  function 

of  temperature  were  investigated.  The  growth  of  the  sp^  and  sp^ 
bonding  components  of  the  DLC  film  were  also  studied  by  ion 
implantaion  damage  experiments. 

2.  Experimental 

In  the  laser  plasma  ablation  technique  a  graphite  target  is 
ablated  using  a  KrF  laser  (X.  =  248  nm)  at  a  fluence  of  4  J/cm^.  A  50 
capacitor  discharge's  simultaneously  with  the  laser  pulse  through 
a  ring  surrounding  the  grounded  target  [1].  The  films  deposited  were 
approximately  1  pm  thick.  Raman  measurements  were  taken  in  the 
macro  and  micro  mode  in  the  backscatter  geometry,  using  the  5145 
A  line  af  an  Argon  ion  laser.  TEM  micrographs  were  obtained  by  a 
Hitachi  S-800  instrument. 

Two  sets  of  experiments  were  conducted.  The  first  set  were 

deposited  in  a  vacuum  ambient  (1x10*^  Torr)  and  at  substrate 
temperatures  from  25°  to  500°  C.  The  second  set  of  experiments 
were  designed  to  simulate  the  environment  for  the  CVD  growth  of 
diamond  thin  films.  The  graphite  was  ablated  in  a  hydrogen  ambient 
at  a  partial  pressure  of  10  mTorr  and  a  substrate  temperature  of 
860°  C. 

The  Raman  spectra  were  deconvoluted  into  the  'D'  and  'G'  bands 
using  well  defined  Gaussian  functions.  In  adddition  to  the 
deconvolution  of  the  spectra  by  the  Gaussian  function,  the  broad 
photoluminescent  (PL)  background  was  also  substracted.  A  simple 
quadratic  polynomiai  was  used  to  fit  the  background  [8].  Therefore 
the  total  deconvolution  consisted  of  the  sum  of  the  Gaussian  (D  +  G) 
bands  plus  the  quadratic  PL  background. 
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3.  Results  and  Discussion 

3.1  Vacuum;  T(substrate)  =«  25°  ->  500°  C 

In  this  series  of  experiments  the  depositions  were  carried  out  at 
substrate  temperatures  of  25°  C  to  500°  C  in  100  deg  increments. 
Representative  Raman  spectra  for  the  depositions  at  25°  C  is  shown 
in  Fig.  1.  A  featureless  assymetric  band  is  observed  generally 
typical  of  disordered  amorphous  films.  A  broad  PL  background  is 
also  present.  PL  is  due  to  transitions  of  electrons  from  filled 
conduction  hand  states  to  empty  valence  band  states.  The  transition 
may  also  be  from  donor  bands  of  impurities  or  defects  to  acceptor 
bands.  The  broader  the  defect  bands,  the  broader  the  the  range  of 
states  that  electrons  can  make  transitions  to,  and  hense  the  broader 
the  PL.  The  conduction/donor  bands  can  be  filled  by  the  excitation 
source.  The  Gaussian  deconvoluted  spectra  show  broad  'D'  and  'G' 
bands,  the  intenoity  of  the  ’G"  band  being  much  larger  than  that  of 
the  'D'  band. 

At  a  deposition  temperature  of  500°  C  the  features  of  the  'D'  and 
'G'  bands  are  more  prominent  as  shown  in  Fig.  2.  The  deconvoluted 
spectra  have  narower  bands,  and  the  intensities  are  more  or  less 
equal.  The  broad  PL  background  has  decreased  substantially 
suggesting  the  existence  of  a  much  narrower  band  of  defect  states. 
While  the  Gaussian  curve  for  the  'G*  band  shows  an  excellent  fit  on 
the  high  energy  side,  the  'D'  band  shows  a  broad  tail  at  tne  base  of 
the  peak  (shaded  area).  A  similar  broad  tail  has  been  observed  in 
highly  defective  CVD  diamond  films.  A  possible  explanation  for  the 
tail  is  that  the  Raman  signal  originates  from  highly  ci’.sordered 

regions  of  diamond  adjacent  to  sp^  bonded  defect  structures;  while 
the  relatively  narrow  peak  originates  from  regions  furthur  away 
from  such  structures  [7].  A  similar  explanation  would  be  applicable 
for  the  DLC  films,  the  degree  of  disorder  being  much  greater  than  for 
the  CVD  diamond  films. 

3.2  Hydrogen  (10  mTorr);  T(substrate)  =  860°  C 

In  the  second  set  of  experiments  laser  plasma  ablation  of 
graphite  was  conducted  in  a  hydrogen  ambient,  at  a  substrate 
temperature  of  860°  C.  It  was  shown  earlier  that  octahedral  shaped 
particles  were  heterogenously  nujieated  [8].  The  octahedral 
morphology  suggested  the  existence  of  sp3  bonding  in  the  feature. 
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A  TEM  brightfield  micrograph  of  one  such  particle  is  shown  in  Fig. 

3.  The  triangular  outline  of  the  <11 1>  facets  are  evident.  The 
interior  of  the  ~  Spm  particle  appears  electron  transparent 
suggesting  a  very  loosly  bonded  microstructure..  No  diffraction 
pattern  was  obtained,  implying  that  only  local  or  short  range  order 
of  ~15-30  A  exists  in  the  feature.  The  carbon  atoms  arriving  on  the 
surface  resemble  a  "brush"  configuration  and  are  perpendicular  to 
the  <111>facets  suggesting  that  growth  of  the  <11 1>  surfaces  occur 
by  a  step  mechanism.  An  atom  arriving  on  the  surface  migrates  to  a 
position  of  minimum  energy..  This  position  would  be  a  kink  or  corner 
site  bounded  on  three  sides  by  atoms  forming  a  step. 

A  typical  micro  Raman  spectra  of  these  features  is  shown  in  Fig. 

4.  The  'D'  and  'G'  bands  are  well  resolved  and  do  not  need  any 
deconvolution.  The  half  widths  are  much  narrower  than  the  previous 
spectra  and  the  intensity  of  the  'D'  band  is  now  much  greater  than 
the  'G'  band. 

The  parameters  of  the  Raman  specra  for  the  DLC  films  deposited 
in  both  sets  of  experiments  are  plotted  in  Figs  5,  6  and  7,  as  a 
function  of  substrate  temperature.  Also  included  are  data  obtained 
from  films  deposited  in  vacuum  ambient  at  substrate  temperatures 
of  25°,  100°,  300°  and  400°  C,  as  well  as  data  from  the  planar  film 
deposited  in  H2  at  860°  C.  The  'D'  and  'G'  bands  downshift  and  upshift 
respectively  as  can  be  observed  from  Fig.  5,  approaching  a  limit  of 
1350  cm'^  for  the  'D'  band  and  1600  cm'^  for  the  'G'  band. 

The  half  widths  of  both  the  'D'  and  'G'  bands  decrease,  as  shown  in 
Fig.  6,  with  the  'G'  band  narrower  than  the  'D'  band  in  the  vacuum 
deposited  films.  However  the  situation  is  reversed  for  the 
hydrogenated  films  deposited  at  T(substrate)=860°  C.  The  'D'  band  is 
narrower  for  the  planar  film  and  the  octahedral  feature.  Also  the 
Iq/Iq  ratio  increases  with  increasing  tempe.'ature  (Fig.  7). 

Studies  by  Angus  and  co-workers  [9]  and  by  Zou  and  co-workers 
[10]  have  shown  that  increasing  the  hydrogen  content  in  the  DLC 
films  results  in  a  higher  percentage  of  sp3  bonds.  The  narrowing  in 
the  half  widths  of  the  Raman  'D'  and  ’G"  bands  suggests  an  ordering 

of  the  sp2  and  sp^  structures  ii  the  DLC  film.  The  increase  in  the 
intensity  of  the  'D'  band  suggests  that  there  is  a  direct  correlation 

with  the  proportion  and  of  the  sp^  bonding  component.  This 
conclusion  is  more  apparent  by  the  octahedral  morphology  of  the 
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particles  heterogenously  nucleated  on  the  Si  <100>  substrates. 
3.3  Ion  Implantation 


To  prove  the  reverse  hypothesis,  ie,  if  we  assume  the  presence  of 
intermediate  range  ordering  in  the  DLC  film,  then  the  task  at  hand 
would  be  to  devise  an  experiment  to  induce  disorder  In  the  film.  Ion 
implantation  is  a  well  known  technique  that  damages  crystalline 
surface  layers  resulting  in  amorphization  of  the  material. 

A  DLC  film  was  deposited  in  a  vacuum  ambient  at  a  substrate 
temperature  of  500°  C.  The  characteristics  of  the  Raman  spectra  are 

shown  in  Fig.  2.  A  dose  of  3x10’’®  ions/cm^  of  Boron  at  an  energy  of 
54  keV  and  an  estimated  range  of  ~  2500  A  [11], and  was  implanted 
into  the  DLC  film,  it  is  expected  that  the  relatively  low  energy 
would  maximize  the  damage  to  the  surface  layers.  The  implantation 
was  carried  out  at  room  temperature  and  at  normal  incidence.  The 
Raman  spectra  of  the  ion  implanted  film  is  shown  in  Fig.  8,  and  can 
be  compared  w’th  Fig.  2.  The  damage  to  the  surface  structure,  or 
disordering  in  the  film  evidently  results  in  a  broad  assymetric 
spectrum.  This  spectrum  is  similar  to  the  DLC  film  deposited  at 
lower  substrate  temperature  (see  Fig.  1).  Therefore  we  could 
conclude  that  the  DLC  films  deposited  at  lower  temperatures  are 
more  disordered.  It  is  of  interest  to  note  that  the  region  of  the  'D' 
band  is  reduced  to  a  greater  extent  than  the  'G'  band,  implying  the 
metastability  of  the  regions  associated  with  sp®  bonding. 

4.  Conclusion 

We  have  systematically  investigated  the  effect  of  substrate 
temperature  and  ambient  conditions  on  the  properties  of  DLC  films 
deposited  by  a  laser  plasma  ablation  technique.  The  Raman  spectra 
show  systematic  changes  in  the  parameters  of  the  'D'  and  'G'  bands. 
Increase  in  T  (substrate)  results  in  a  downshift  and  upshift  of  the  'D' 
and  'G'  peak  positions  respectively..  The  half  widths  'Av'  of  both  bands 
decrease  steadily.  In  vacuum  ambient  the  half  width  of  the  'D'  band 
is  always  larger  than  the  'G'  band.  However  in  the  hydrogenated  films 
the  situation  is  reversed  with  the  the  ’D’  band  being  narrower.  The 

intensity  of  the  'D'  band  also  increases.  It  is  known  that  the  sp® 
fraction  of  the  film  increases  with  hydrogen  content.  Therefore  we 
would  conclude  that  there  is  a  direct  relationship  with  the  'D'  band 
with  the  ordering  and  growth  of  the  sp®  fraction  in  the  DLC  film. 
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These  results  are  substantiated  by  the  presence  of  octahedral 
features  in  the  hydrogenated  films.  TEM  results  suggest  a  growth  of 
the  <11 1>  facets  by  a  step  mechanism..  Ion  implantation  studies 
verify  the  presence  of  intermediate  range  order  in  the  films. 
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Fig.  1  Raman  spectra  of  DLC  film  at  Fig.  2  Raman  spectra  of  DLC  film  at 
T(sub)=25°  C,  in  vacuum  ambient.Gaussian  T(sub)=500°  C,  in  vacuum  ambient. 


deconvoluted  'D'  and  'G'  bands.  Iq  <  Iq 
and  Avq  >  Avq. 


Gaussian  deconvoluted  'D'  and  'G'  bands. 
Broad  tail  (shaded  region)  also  seen  in  highly 
defective  CVD  diamond  films.  Iq  =  Iq  and 

Av£)  >  Avq. 


Fig.  4  Micro  Raman  spectra  of  octahedral 
feature  heterogenously  nucleated  at 
TCsublsStiO®  C  in  Hydrogen  ambient.  'D' 
and  'G'  bands  well  defined.  ^  ^G 
Avj)  >  Avg. 


Fig.  3  Brightfield  TEM  micrograph  of 
octahedral  shaped  feature. 
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Fig.  5  Raman  shift  of  D’  and  'G'  bands  for  pig.  6  Raman  haf  widths  of  ‘D’  and  'O' 
DLC  fflms^positcd  in  vacuum.  bands  for  DLC  films  deposited  in  vacuum, 

T(sub  <  500“  C:  and  hydrogen  ambients,  T(sub)  <  500“  C:  and  hydrogen  ambients. 
Trsnh^  =  860“  r  P(3„b)  =  860“  C. 

Data  in  circle  is  for  octahedral  feamre. 


Temp  (deg  C  ) 


Fig.  7  Raman  intensity  ratio  of  D'  and  ’G’ 
bands  for  DLC  films  deposited  in  vacuum, 
T(sub)  <  500“  C:  and  hydrogen  ambients, 
T(sub)  =  860“  C.  Data  in  circle  is  for 
octahedral  feature. 


Fig.  8  Raman  spectra  for  DLC  film 
deposited  in  vacuum  at  T(sub)=  500“  C  + 
Ion  implanted  with  boron.  Conditions:  Dose: 
3x10^^  ions/cm^.  Energy:  54  keV.; 
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Abstract 

We  have  investigated  the  deposition  characteristics  of  diamond  film  on  copper 
substrate  using  hot  filament  chemical  vapor  deposition  (HFCVD)  technique 
Deposition  parameters  (substrate  temperature,methane  to  hydrogen  flow  ratio 
and  filament  temperature  )  were  systematically  varied  and  the  effects  of  these 
parameters  on  diamond  nucleation,  morphoiogy,growth  rate  and  co-deposition 
behav  or  of  graphite  were  studied.  A  factor  of  1C  fold  increase  in  the  diamond 
crystal  size  was  observed  as  increasing  substrate  temperature  from  800°C  to 
lOSCC,  with  corresponding  decrease  in  nucleation  density  from  5xl0®/cm2 
to  0.4x10  ®/cm2.  As  the  CH4/H2  ratio  is  increased,  both  crystal  size  and 
nucleation  density  were  f'^und  to  increase.  With  increasing  filament 
temperature,  diamond  nucleation  density  was  significantly  decreased.  It  was 
found  that  diamond  growth  rate  is  most  sensitive  to  the  substrate  temperature. 
Graphite  co-deposition  on  the  copper  substrate  was  found  to  be  much  less  than 
that  on  silicon  substrate. 

Introduction 

Diamond  films  have  been  deposited  using  hot  filament  chemical  vapor  deposition  (  HFCVD 
)  method  on  a  variety  of  substrates  such  as  silicon,molybdenum,tungsten,nickel,silicon 
carbide  and  tungsten  carbide[  1,2,].  All  these  materials  form  stable  carbides  or  is  already 
a  carbide  itself.  The  CVD  of  diamond  on  non-carbide  forming  materials  such  as  copper  has 
been  reported  in  the  early  work  by  Russian  researchers  [  3  ]  in  1975  and  1981,  but  only 
limited  description  was  given  on  this  material  and  did  not  seem  to  attract  much 
attention.  Compared  to  the  studies  on  deposition  conditions  and  techniques,  investigation 
on  the  effects  of  different  substrate  material  is  much  less.  As  a  step  toward  further 
understanding  the  role  of  substrate  material  and  deposition  mechanism,  systematic 
depositions  on  copper  substrate  were  made  in  the  present  work  at  different  experimentai 
conditions.  The  results  are  compared  to  those  observed  in  the  case  of  silicon  substrate  and 
possible  mechanism  of  the  observed  behavior  are  discussed.. 

Experimental 


A  typical  HFCVD  system  which  has  been  described  earlier  [  4  ]  was  used  for  diamond 
deposition.  A  tungsten  filament  was  placed  about  0.9  cm  above  the  substrate  surface  and 
substrate  temperature  was  further  controlled  by  an  heater  placed  under  the  substrate. 
Polycrystalline  oxygen-free  copper  plates  with  2mm  thick  was  used  as  the  substrates.  The 
substrate  was  cleaned  and  polished  using  standard  procedure.  The  depositions  were 
performed  systematically  at  different  value  of  substrate  temperatures,  filament 
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temperatures,  methane  to  hydrogen  flow  ratios  and  total  pressures.  In  a  given  series  of 
depositions,  one  parameter  was  changed  systematically  while  the  other  parameters  were 
kept  constant.  After  the  first  deposition  was  finished,  the  substrate  was  carefully  changed 
without  any  disturbance  to  the  experimental  setup  and  then  deposition  was  run  with  the 
new  value  of  the  parameter,  which  was  being  investigated.  Prior  to  deposition  condition 
the  filament  was  pre-processed  in  5  torr  methane  atmotiphere  at  working  temperature  so 
that  a  tungsten  carbide  layer  can  be  formed  at  the  filament  surface,  leading  to 
minimization  Of  tungsten  evaporation  and  substrate  contamination.  To  measure  the 
substrate  temperature  more  accurately,  the  thermocouple  was  connected  directly  to  the 
copper  substrate.  The  filament  temperature  was  measured  by  an  optical  pyrometer.  . 

Results 

A.  Characteristics  of  HFCVD  on  Copper  Substrate 

The  SEM  pictures  shown  in  Fig.  1  represent  a  view  of  deposition  results  obtained  in  the 
present  work.  The  deposition  conditions  were,  substrate  temperature  900°C  , filament 
temperature  19S0°C  ,total  pressure  20  tors  and  methane  to  hydrogen  flow  ratio  1.0/100. 
After  2  hours  deposition  well-structured  diamond  crystals  or  continuous  crystallite 
diamond  film  was  deposited  uniformly  over  the  copper  substrate  surface.  Sharp  peak  located 
at  1 332cm' ^  shows  diamond  phase  with  very  less  content  of  graphite. 

From  the  pictures  shown  in  this  paper,  the  following  results  were  observed. 

1)  High  nucleation  density  of  diamond  can  be  obtained  on  copper  substrate  without 
scratching  with  diamond  paste.  This  is  not  consistent  with  the  early  work  reported  by 
Russian  researcher$[3  ],  where  they  reported  Uiat  nucleation  density  of  diamond  on  non¬ 
carbide  forming  material  is  1  to  2  order  of  magnitude  lower  Uian  that  on  carbide-forming 
materials. 

2)  Nucleation  density  of  diamond  can  be  controlled  by  deposition  conditions.  At  different 
conditions,  nucleation  densities  ranging  from  very  separated  particles  to  continuous 
diamond  film  was  deposited.  In  contrast  with  this,  nucleation  of  diamond  on  silicon  substrate 
is  primarily  determined  by  substrate  surface  condition  such  as  scratches  and  is  difficult  to 
be  related  to  the  deposition  parameters. 

3)  Growth  rate  of  diamond  mainly  depend  upon  substrate  temperature  while  being  less 
affected  by  other  deposition  parameters.  A  factor  of  ten  increase  in  growth  rate  of  diamond 
was  observed  as  substrate  temperature  increased  from  800°C  to  10S0°C  and  seems  to  further 
increase  at  even  higher  temperatures.  Maximum  growth  rate  of  about  10  micron/hr  was 
achieved  at  optimum  condition.  It  was  reported  that  growth  rate  of  diamond  grown  on  silicon 
substrate  shov'S  a  maximum,  e.g.,  it  initially  increases  with  substrate  temperature  and  then 
falls.  For  copper  substrate  no  maximum  was  observed  up  to  substrate  temperature  10SO°C. 

4)  An  apparent  activation  energy  of  24  kcal/mol  was  observed  for  the  growth  of  diamond 
phase. 

5)  At  same  deposition  condition  and  period,  the  size  of  diamond  grown  on  copper  substrate 
was  found  to  be  2  to  3  times  bigger  than  that  on  silicon  substrate. 

6)  Co-deposition  of  graphite  on  copper  substrate  is  less  than  that  on  silicon  substrate. 

7)  Strain  centers  generated  by  scratching  the  copoer  substrate  is  still  an  effective  method  to 
enhance  diamond  nucleation  density. 

8)  Generally  speaking,  the  perfection  of  diamond  crystals  grown  on  copper  substrate  is 
higher  than  that  on  silicon  substrate. 

9)  The  adhesion  between  diamond  film  and  copper  substrate  is  weak.  This  weakly  bonded 
diamond  film  peeled  off  when  the  substrate  temperature  was  lowered  at  the  end  of 
deposition.  The  peeled-off  Him  are  transparent  with  light  brown  color. 
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B.  Dependence  of  growth  behavior  on  deposition  conditions 

In  Fig.2,  we  show  systematic  results  of  our  deposition  on  copper  substrate.  A  strong 
dependence  of  growth  behavior  on  deposition  conditions  was  observed.  Standard  deposition 
conditions  used  in  these  systematic  depositions  were  substrate  temperature  900°C.  filament 
temperature  19S0°C,  total  pressure  20  torr  and  methane  to  hydrogen  flow  ratio  1.0/100.  The 
deposition  parameter  being  examined  was  changed  in  a  series  of  deposition  while  the  others 
was  kept  at  standard  value. 

1) .  Growth  rite  and  Activation  energy 

Growth  rate  was  found  to  be  mostly  dependent  on  substrate  temperature  than  on  other 
parameters  as  showed  in  Fig.  2,  a  to  e.  About  10  times  increase  was  observed  as  substrate 
temperature  was  incieased  from  SOO'C  to  1050  °C.  The  maximum  growth  rate  of  about  7p/hr 
was  obtained  at  the  highest  substrate  temperature  (10SO‘C  ).  The  data  of  growth  rate  from 
Fig.  2,a  to  e  is  plotted  in  Fig  3a.  The  trend  of  the  curve  shows  that  growth  rate  of  diamond  is 
still  increasing  with  substrate  temperature  at  Ts>10SO°C,  which  is  already  very  close  to  the 
melting  point  of  1083.4°C  for  copper.  It  is  noticeable  that  this  result  is  different  from  that  of 
HFCVD  on  silicon  substrate  where  growth  rate  was  found  to  increase  with  substrate 
temperature  initially  and  then  falls,  when  Ts  was  too  high  [  S  1.  Alto  silicon  carbide  and 
graphite  can  be  formed  at  Ts  higher  than  1000°C  and  crystallinity  of  diamond  changed  to 
bad.  It  is  interesting  to  plot  the  growth  rate  data  versus  substrate  temperature  in  Arrhenius 
form,  as  shown  in  Fig.4.  One  can  see  that  the  curve  shows  a  good  linearity  and  a  signiricantly 
small  apparent  activation  energy  of  24  kcal/mol  was  observed.  This  is  very  close  to  the  result 
reported  by  spitsyn  et  al[3],  where  they  found  the  activation  energy  for  diamond  growth  on 
diamond  seeds  via  pyrolysis  of  methane  is  60  Kcal/mol  and  it  drops  down  to  25  Kcal/mol 
when  atomic  hydrogen  was  introduced.  We  note  that  the  growth  rate  of  diamond  we  are 
talking  here  is  in  terms  of  "an  average  size  of  20  largest  diamond  crystals  growth  per  hour". 
This  is  approximate  in  certain  degree  but,as  one  can  see,  the  trend  of  the  curve  is  definitely 
clear.. 

The  correlation  between  growth  rate  and  methane  to  hydrogen  flow  ratio  is  plotted  in  Fig.  3b 
and  the  corresponding  pictures  are  shown  in  Fig.2, i  to  k.  A  slight  increase  in  growth  rate 
was  observed  when  flow  ratio  was  increased  from  1.0/100  to  3.0/100. 

Diamond  deposited  at  different  filament  temperature  are  shown  in  Fig.3c  and  Fig.2,  f  to  h. 
The  result  shows  that  fllament  temperature  weakly  affects  diamond  growth  rate.. 

2) ..  nucleation 

From  the  pictures  showed  in  Fig.2,  a  to  m  ,  it  can  be  seen  that  nucleation  density  vary  with 
deposition  conditions  significantly  and  thus  can  be  controlled  via  deposition  conditions. 
This  can  not  be  done  on  silicon  substrate  because  where  the  nucleation  was  basically 
determined  by  the  surface  condition  such  as  scratches  and  adsorbed  impurities. 

The  dependence  of  diamond  nucleation  density  on  substrate  temperature  is  shown  in  Fig.2,a 
to  e  and  Fig.3d  .  Nucleation  density  of  5xl0®/cm2  was  observed  at  Ts=800'C  and  it  dropped 
down  to  0.4xl0®/cm2  at  Ts«1050“C.  Increasing  filament  temperature  was  also  found  to 
significantly  decrease  nucleation  density  of  diaroond.as  shown  in  Fig.2,f  to  h  and  Fig.3f. 
Nucleation  density  decreased  from  3xl0®/cra2  to  0.1xl0®/cm2  as  filament  temperature 
increased  from  1870°C  to  TOOO'C.  In  the  cue  of  Tf=20OO'C  .well  defined  diamond  crystals 
with  very  low  number  density  was  deposited  while  at  Tfwl870°C  .high  number  density  of 
diamond  panicles  was  formed  on  substrate  but  no  clear  faceting  was  observed.  Increasing 
methane  to  hydrogen  flow  ratio  was  also  found  to  result  in  increase  of  diamond  nucleation 
density,  u  shown  in  Fig.2,i  to  k.  and  Fig.3e  . 
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Perfection  of  deposited  diamond  crystals 

The  perfection  of  deposited  diamond  crystals  were  found  strongly  depend  upon  the 
deposition  conditions,  as  can  be  seen  in  Fig.2  .  Since  no  carbide  can  be  formed  on  copper 
substrate,  so  the  disturbance  of  carbide  formation  can  be  ruled  out  and  effects  of  deposition 
conditions  become  more  clear  than  the  case  of  silicon  substrate  and  is  helpful  to  the 
understanding  of  deposition  mechanism.  But,  for  the  reason  of  limited  pages  of  this  paper, 
this  will  be  discussed  later  elsewhere. 

Discussion 

1)  Growth  rate 

Growth  rate  of  CVD  diamond  ranging  from  0.2  to  10  microns  per  hour  has  been  reported!  5  ]. 
Because  the  data  reported  are  significantly  scattered,  it  is  still  not  clear  that  which 
deposition  parameter  is  most  important  to  the  growth  rate  of  diamond.  From  the  fact 
mentioned  above,  e.g.,the  growth  rate  increase  with  substrate  temperature  while  being  less 
affected  by  other  parameters,  we  conclude  that  at  least  at  Ts<10S0°C,  the  growth  rate  is 
mainly  controlled  by  substrate  temperature.  Activated  carbon-containing  radicals  have  to 
undergo  a  hydrogen-removing  reaction  to  form  diamond  or  graphite  phase.  This  reaction, 
although  it  is  still  not  being  clearly  understood,  must  happens  at  the  growing  surface 
because  deposition  rate  of  both  diamond  and  graphite  are  so  strongly  dependent  on  substrate 
temperature.  This  is  also  suggested  by  the  Arrhenius  plot  shown  in  Fig.4  where  the 
linearity  of  Ln(D)  vs  1/Ts  correlation  indicates  the  characteristic  of  thermally  activated 
surface  reaction  process.  In  the  normally  used  condition,  say,  Tss800-1000°C,  CH4/H2  = 
0.5/100-1.5/100  and  total  pressure  20-100  tort,  the  growth  rate  is  more  dependent  upon 
substrate  temperature  than  upon  other  parameters.  According  to  Fig.3a,  growth  rate  higher 
than  lOp/hr  can  be  expected.  From  Uie  technological  point  of  view,  it  is  of  interest  to  further 
enhance  the  growth  rate  of  diamond.  But,  dependence  of  growth  rate  on  substrate 
temperature  seems  leading  to  a  limitation  on  low  temperature  deposition  of  diamond. 

It  is  noticeable  that  the  value  of  activation  energy  for  diamond  growth  observed  from  this 
plot  is  significantly  small  (24  Kcal/mol  )  and,as  reported  in  [3],  such  a  small  value  is  caused 
by  the  existence  of  atomic  hydrogen.  These  facts  support  the  idea  that  besides  etching 
graphite,  atomic  hydrogen  also  directly  involved  in  the  diamond-forming  reaction.  Another 
interesting  result  is  that  the  different  growth  rates  of  diamond  grown  on  copper  and  silicon. 
As  has  been  suggested,  the  VLS  (  vapor-liquid-solid  )  growth  may  be  an  effective  mechanism 
for  diamond  growth!  6].  It  can  be  expected  that  little  amount  of  copper  will  be  evaporated 
during  deposition  and  thus  provide  the  condition  for  VLS  growth.  Further  work  is  clrarly 
needed  to  better  understand  this  phenomenon. 

2)  Co-Deposition  of  Graphite 

It  has  long  been  realized  that  excessive  growth  of  graphite  hampers  the  growth  of  diamond. 
Where  this  graphite  started  and  developed  should  be  a  interesting  question,There  are  three 
possibilities;  1)  graphite  growth  on  substrate,  2)  graphite  growth  on  graphite  and  3)  graphite 
growth  on  diamond.  Since  the  nucleation  behavior  is  expected  to  vary  significantly  with 
different  material  and  phase,  thus  it  can  be  expected  that  graphite  deposition  can  appear 
first  on  one  material  while  not  on  the  others.  From  the  present  work  one  can  see  that  no 
graphite  was  deposited  on  copper  substrate  and  growing  surface  of  diamond  up  to  Ts=10S0°C, 
but,  it  was  observed  on  a-alumina  and  silicon  substrates.  This  fact  indicate  that  diamond 
itself  can  nucleate  and  grow  at  substrate  temperature  even  higher  than  1050°C  ,  as  long  as 
this  growth  is  not  hampered  by  the  excessive  graphite  grown  from  substrate.  This  should  be 
the  main  reason  for  the  different  behavior  of  CVD  of  diamond  with  different  substrate 
materials.because  co-deposition  behavior  of  graphite  on  different  material  is  very  different. 
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3)  Nucleation 


It  is  noticeable  that  diamond  can  nucleate  on  copper  without  scratching  the  substrate  and 
the  nucleation  density  depend  strongly  on  the  deposition  conditions.  The  fact  that  strain 
centers  generated  by  scratching  the  substrate  enhance  the  nucleation  density  of  diamond 
suggest  that  different  kind  of  surface  defects  are  still  the  most  effective  sites  for  diamond 
nucleation.  Since  polycrystalline  copper  was  used  as  substrate,  the  defect  density  is 

expected  to  be  much  higher  than  mirror  polished  single  crystal  silicon.  Note  that  Fig.2,a  to  e 
shows  a  significant  decrease  in  nucleation  density  as  substrate  temperature  increase.  This 
c^n  be  explained  as  at  high  substrate  temperature  the  copper  substrate  was  at  least  partially 
annealed  .  The  defects  density  was  reduced  and  this  results  in  the  decreasing  diamond 
nucleation  density.  This  was  further  confirmed  by  heating  the  substrate  to  melting  point  for 
a  few  seconds  so  that  a  mirror-  like  surface  was  formed.  Diamond  nucleation  density  on  this 
region  was  found  to  be  further  reduced.  On  the  other  hand,  the  nature  of  the  copper  material 
can  also  play  an  important  role  in  diamond  nucleation.  Copper  is  a  non-carbide  forming 
material  with  very  close  lattice  constant  to  diamond  anl  the  interaction  between  copper  and 
diamond  is  weak.  These  factors  (;ould  lead  to  a  weakly  bonded  diamond  phase  on  copper  with 
small  elastic  energy  in  copper-diamond  interface.  This  means  less  energy  is  needed  to  form 
diamond  nuclei.  Furthermore,  absence  of  graphite  nucleation  can  be  expected  to  favor  the 
formation  of  diamond  nuclei.  It  should  be  noted  that  although  surface  defects  seems  to  be  an 
effective  site  for  diamond  nucleation,  dependence  of  nucleation  density  on  methane  to 
hydrogen  flow  ratio  can  not  be  related  to  surface  defects.  This  result  indicate  that  the 
concentration  of  carbon-rontaining  radicals  in  gas  phase  is  also  an  important  factor.  In  fact 
that  diamond  nucleation  density  increases  with  methane  to  hydrogen  flow  ratio,  is 

consistent  with  the  nucleation  theory.  The  reason  for  nucleation  density  being  strongly 
dependent  on  filament  temperature  can  also  be  related  to  the  gas  phase.  As  filament 
temperature  increases,  the  concentration  of  carbon  containing  radicals  relative  to  atomic 
hydrogen  decrease  and  the  effect  of  this  equal'  to  reducing  the  methane  to  hydrogen  flow 
ratio.  The  reason  for  this  is  that  methane  starts  to  thermally  decompose  at  llOO^C  and  at 
high  enough  filament  temperature  such  as  1700°C,  most  of  methane  molecules  that  strike  the 
filament  surface  decomposes,  while  at  this  filament  temperature  hydrogen  just  starts  to 
decomposes.  That  is,  in  the  case  of  low  filament  temperature,  concentration  of  carbon 
containing  radicals  relative  to  that  of  atomic  hydrogen  can  be  very  high.  Therefore  high 
nucleation  density  of  diamond  will  be  observed  at  relative  low  filament  temperature,  similar 

to  the  effect  of  increasing  methane  to  hydrogen  flow  ratio.  Another  factor  that  may  affect  the 

diamond  nucleation  is  that  the  composition  of  methane/hydrogen  mixture  in  a  HFCVD 
chamber  changed  significantly  with  filament  temperature,  as  reported  recently  by  Sommer  et 
al[  7  ].  The  importance  of  filament  temperature  is  clear  and  fu^er  work  is  needed. 

Conclusions 

1)  Diamond  with  high  perfection  and  high  nucleation  density  can  be  ojposited  on  copper 
substrate  with  CVD  technique.  Diamond  can  nucleate  on  non-carbide  forming  material 
indicate  that  strong  interaction  between  carbon  and  the  substrate  is  not  absolutely  necessary 
for  diamond  nucleation.  Strain  centers  is  found  still  to  be  the  effective  site  for  diamond 
nucleation. 

2)  On  copper  substrate  diamond  nucleation  density  can  be  controlled  via  deposition 
condition.  Increase  in  substrate  temperature  and  filament  temperature  resulting  in  decrease 
of  diamond  nucleation  density  while  it  increase  with  methane  to  hydrogen  ratio. 

3)  The  Co-deposition  of  graphite  on  copper  substrate  is  less  than  that  on  carbide-forming 
material. 

4)  Diamond  growth  rate  was  found  to  be  mainly  dependent  on  substrate  temperature. 
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5)  The  ratio  of  activated  carbon-containing  radical!  to  atomic  hydrogen  determine  the 
perfection  of  deposited  diamond.  Methane  concentration  and  fllament  temperature  are  some 
of  the  parameters  which  affect  this  ratio  and  therefore  changing  the  quality  of  the  diamond. 

6)  An  apparent  activation  energy  of  24  kcal/mol  wu  observed  for  diamond  growth.  The  small 
value  of  the  energy  is  attributed  to  the  atomic  hydrogen  •  Involving  reaction  that  leads  to  the 
diamond  formation. 
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Fig.3  Growth  rate  (D,  crystal  size  grown  per  hour)  and  nucleation  density  as  a 
function  of  deposition  conditions. 
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Abstract 

Homoepitaxial  growth  of  high  quality,  facetted 
diamond  crystals  at  rates  exceeding  150  microns/hour  has 
been  observed  on  millimeter  sized  {100}  and  {110}  natural 
diamond  seed  crystals,  using  a  laminar,  premixed  oxygen- 
acetylene  flame  in  air.  The  key  element  in  achieving  such 
high  growth  rates  has  been  a  substrate  temperature  in  the 
1150-1500°C  range.  Microscope  and  naked  eye  observations 
show  the  original  cylindrical  shaped  seed  crystals  growing 
into  polyhedral  shaped  crystals  with  identifiable  {100}  and 
{111}  faces.  Examination  under  optical  and  scanning  electron 
microscopes  reveals  terraces  on  the  {100}  faces.  The 
deposited  diamond  is  clear  and  exhibits  Raman  spectra 
almost  identical  to  that  of  natural  diamond.  Laue  Xray 
diffraction  analyses  have  confirmed  the  epitaxial  nature  of 
the  growth.  The  deposition  temperatures  and  growth  rates 
reported  are  the  highest  ever  observed  for  the  homoepitaxial 
synthesis  of  diamond  crystals  at  low  pressures. 


Introduction 

In  the  fall  of  1988  we  observed  an  unusual  phenomena  during  multi¬ 
hour  diamond  depositions  with  an  oxygen-acetylene  flame.  Frequently. 
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large  (~  100-350  microns)  single  crystals  of  diamond  would  begin  to  grow 
on  Si  substrates  after  about  1-3  hours  [1,  2].  These  large  crystals 
typically  had  smooth,  oriented  {100}  faces,  and  electron  channeling 
measurements  [3]  indicated  that  the  crystals  were  monocrystalline  and 
that  the  strain  in  the  crystal  lattice  was  indistinguishable  from  natural 
diamond.  The  Raman  spectra  of  a  typical  crystal  exhibited  a  sharp  1332 
cm'^  peak,  no  evidence  of  a-C  or  graphite,  and  a  very  iow  fluorescence 
background.  The  crystals  often  were  found  on  pedestals  which  thermally 
isolated  them  from  the  substrate.  Capelli  [4]  has  used  an  energy  balance 
argument  to  show  that  diamond  crystals  in  an  oxygen-acetylene  flame 
would  equilibrate  above  1200°C  if  thermally  isolated  from  their 
substrate.  Unreported  in  the  presentation  of  previous  studies  [1,  2,  3] 
was  the  observation  that  during  long  multi-hour  depositions  a  two  color 
pyrometer  always  registered  temperatures  >1250‘’C  (the  limit  of  the 
instrument)  whenever  large  (>100  pm)  single  crystals  appeared  on  the 
substrate,  and  that  the  crystals  themselves  had  a  visible  brightness  that 
was  considerably  brighter  than  the  900-1  DOO^C  substrate. 

Based  on  these  observations,  we  performed  a  series  of  homoepitaxiat 
growths  in  a  laminar,  premixed  oxygen-acetylene  flame  at  substrate 
temperatures  of  1150-1500®C.  The  results  of  these  depositions  are 
described  in  the  following  sections  and  in  an  upcoming  publication  [5]. 


ExpecimentaL  Setup 

The  apparatus  used  in  this  study  is  similar  to  that  described  in 
previous  work  [6,7].  Oxvgen  and  acetylene  were  metered  to  a  commercial 
brazing  torch  with  a  mass  flow  control  system.  The  temperature  of  the 
substrates  was  measured  with  a  two-color  pyrometer  which  was 
insensitive  to  the  flame's  emission.  The  substrates  consisted  of  0.5  mm 
thick,  natural  type  I  and  type  ila  diamond  heat  sinks  with  circular  or 
square  cross  sections,  polished  on  the  top  (100)  or  (110)  faces,  and 
brazed  to  the  ends  of  1.5  cm  long  pieces  of  threaded  molybdenum  rod  with 
a  Au-Ta  compound.  Although  tho  braze  material  melted  during  the  high 
temperature  depositions,  no  degradation  in  thermal  contact  between  the 
seed  crystals  and  the  Mo  rod  was  observed  during  depositions  up  to 
1500°C.  Since  the  thermal  conductivity  of  the  seed  crystals  and  braze 
material  is  relatively  high,  the  seed  crystal  is  expected  to  be  isothermal 
and  its  temperature  equal  to  or  slightly  greater  than  the  Mo  rod 
temperature.  The  temperature  of  the  seed  crystals  was  controlled  by 
adjusting  the  penetration  of  the  Mo  rod  into  a  water  cooied  Cu  cylinder.  A 
more  detailed  description  of  these  procedures  can  be  found  elsewhere  [5]. 
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Results 


A  series  of  growths  on  three  <100>  and  one  <11 0>  oriented  diamond 
crystal  substrates  were  performed  at  substrate  temperatures  of  1150, 
1250,  1360,  and  1500°C  (±30°C),  respectively.  Depositions  at 
temperatures  below  1000°C  consisted  of  small,  rectangular  shaped, 
oriented  single  crystal  domains  on  {100}  seed  crystals,  and  rough  surface 
morphologies  on  {110}  seed  crystals  which  were  similar  to  the  results 
reported  by  Janssen  et  al.  [8].  Growths  below  1000°C  on  both  {100}  and 
{110}  seed  crystals  exhibited  oriented  polycrystalline  growth  around  the 
perimeter  the  seed  crystals  (see  Figure  1).  A  substrate  temperature  of  at 
least  1150-1200°C  appeared  necessary  to  grow  a  macroscopic  facetted 
crystal  which  covered  the  entire  top  surface  of  the  seed  crystal.  These 
results  are  strongly  dependent  on  the  position  of  the  seed  crystal  in  the 
flame.  Growth  of  macroscopic  (e.g.  1.7  mm  x  150  pm)  polyhedral 
crystals  from  1.5  mm  diameter  cylindrical  seed  crystals  was  observed  in 
~20-30  minutes  at  1250°C  on  a  <100>  oriented  crystal,  and  in  ~10-15 
minutes  at  1500°C  on  a  <110>  oriented  crystal.  Large  (~100  microns) 
randomly  oriented  diamond  crystals  were  also  observed  to  grow  at  each 
temperature  on  the  Au-Ta  braze  covering  the  top  surface  of  the  Mo  rod. 

Electron  micrographs  of  a  cylindrical  {100}  seed  crystal  before  and 
after  a  one  hour  growth  at  1250‘’C  are  shown  in  Figures  2a  and  2b, 
respectively.  The  thickness  of  the  deposited  layer  was  estimated  with  an 
optical  microscope  equipped  with  a  micrometer;  it  varied  from  100-165 
microns  depending  on  position  on  the  {100}  face.  The  deposited  material 
has  an  octagonal  shape  when  viewed  from  above  (Fig  2b),  with  the  shapes 
of  the  side  faces  alternating  between  trapezoidal  and  truncated 
parallelograms.  These  are  the  shapes  expected  around  the  'waist'  of  a 
cubo-octahedral  crystal  which  is  truncated  along  a  <100>  axis  which  is 
perpendicular  to  the  plane  of  the  waist  (the  plane  of  the  waist  contains 
four  <100>  axes).  The  trapezoidal  and  truncated  parallelogram  shaped 
faces  would  thus  correspond  to  the  <11 1>  and  <100>  crystallographic 
directions,  respectively,  as  shown  in  Figure  3. 

The  first  order  Raman  spectrum  of  the  deposited  crystal  side  of  the 
1250‘’C  sample  (see  Fig.  2)  was  measured  with  a  low  laser  power  (40 
W/cm2),  a  514.5  nm  laser  line,  and  a  bandpass  comparable  to  the  phonon 
peak's  line  width,  and  is  shown  in  Figure  4.  Note  the  absence  of  graphite 
and  a-C  components  in  the  spectra  and  the  low  luminescence  background. 
High  resolution  Raman  spectra  were  also  acquired  from  this  crystal.  The 
deposited  crystal's  diamond  peak  position  was  located  at  1333.1  ±  0.2 
cm*'!)  and  it's  linewidth  (FWHM)  was  2.6  cm"''.  For  comparison,  we  also 
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measured  a  natural  type  IIA  diamond;  the  values  obtained  were  1333.5 
cm'l  and  2.4  cm''*,  respectively. 

The  increase  in  the  luminescence  background  observed  in  the  Raman 
spectrum  at  higher  frequency  shifts  is  due  to  a  defect  band  which  has  a 
zero  phonon  line  (ZPL)  at  2.155  eV,  as  shown  in  Fig.  5.  The  low 
temperature  (6K)  photoluminescence  spectra  shown  in  Figure  5  was 
excited  with  a  488  nm  laser  line  and  with  a  power  of  ~5mW.  The  two 
strongest  bands  (d,e)  are  located  at  2.155  eV  and  1.946  eV;  these  have 
been  assigned  (9)  to  a  nitrogen  vacancy  complex  and  a  uitrogen-vacancy 
(N-V)  pair,  respectively..  Two  weaker  bands  (a,f)  at  2.464  eV  and  1.682 
eV  correspond  to  the  H3  center  and  a  possible  Si-related  defect  (9).  A 
weak  band  (c)  that  has  not  been  assigned  to  any  previously  observed 
defect  was  seen  at  2.282  eV.,  The  peak  (b)  at  2.375  eV  is  the  1st  order 
Raman  peak. 

The  observation  of  the  polyhedral  shape  of  the  deposited  crystal 
shown  in  Figure  2b  and  the  quality  of  the  deposited  crystal’s  Raman 
spectra  shown  in  Figure.  4  suggested  that  the  growth  is  monocrystalline. 
Laue  Xray  diffraction  patterns  of  both  the  seed  crystal  and  deposited 
crystal  sides  of  the  1250°C  sample  are  shown  in  Figures  6a  and  6b, 
respectively.  Analysis  of  these  patterns  confirmed  that  the  deposited 
diamond  is  monocrystalline  with  a  <100>  orientation  which  is  epitaxially 
oriented  with  respect  to  the  {100}  seed  crystal.  The  optical  transparency 
of  the  deposited  crystal  is  excellent  [5]. 

At  high  substrate  temperatures  in  a  laminar  flame,  growth  on  the 
{100}  surface  proceeds  mainly  via  steps  which  can  be  many  hundreds  of 
microns  long.  The  period  of  the  steps  increased  with  the  deposition 
temperature  [5],  and  ranged  from  1-2  microns  at  1150'’C  to  40-60 
microns  at  1360°C.,  The  seed  crystals  subjected  to  higher  deposition 
temperatures  had  larger  misorientations,  which  would  tend  to  produce  a 
smaller  initial  step  peribd.  This  suggests  that  the  step  period  does 
increase  rapidly  with  temperature.  Under  certain  conditions,  continuous 
growth  across  the  top  surface  of  the  seed  crystal  is  lost,  but  local  well 
formed  domains  of  epitaxial  growth  which  are  100's  of  microns  on  a  side 
are  observed  to  grow  at  rates  exceeding  200  pm/hr  in  the  <100>  direction. 

A  deposition  on  a  cylindrical  {110}  seed  crystal  was  performed  at  a 
temperature  of  1500°C.  After  only  15-20  minutes  at  this  temperature, 
crystal  faces  corresponding  to  the  {111},  {110}  and  {100}  directions 
appeared  around  the  perimeter  of  the  top  {110}  face  of  the  seed  crystal, 
giving  an  octagonal  shape  when  viewed  from  above  [5].  A  very  low  growth 
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rate  in  the  center  of  the  seed  crystal's  {110}  face  was  observed;  the 
Raman  spectra  of  this  area  of  the  face  exhibited  a  strong  graphitic 
character.  The  Raman  spectra  of  the  epitaxially  grown  faces  exhibit  a 
diamond  peak  height  to  fluorescence  background  ratio  of  >35'1.  Poorly 
formed  cubo-octahedral  crystals  were  also  observed  to  grow  on  the  Au- 
Ta  braze  material  [5].  This  is  the  highest  temperature  ever  reported  for 
both  epitaxial  and  non-epitaxial  diamond  growth  at  low  pressures. 


Ciscussion 

In  1976  Chauhan  et  al.  [10]  reported  on  a  study  of  carbon  deposition 
on  0-1  micron  diamond  powders  which  used  methane-hydrogen  gas 
mixtures  without  activation  of  the  gas  phase.  Their  results  showed 
diamond  growth  at  temperatures  of  1140-1475°C  (determined  from 
density  measurements),  and  a  maximum  initial  diamond  growth  rate  of 
<0.02  microns/hour  which  exponentially  decayed  with  time.  The 
exponential  decay  of  the  initial  rate  was  explained  by  the  covering  of  the 
diamond  surface  by  graphitic  carbon.  In  1981  Spitsyn  et  al.  reported  [11] 
on  homoepitaxial  growth  studies  in  a  controlled  transport  reaction  (CTR) 
environment.  They  stated,  "high  perfection  single  crystalline  [diamond] 
layers  were  obtained  on  the  {110}  face  of  natural  diamond  at  750°C...  As 
the  temperature  is  increased  further,  the  growth  rate  of  [the] 
homoepitaxial  film  increases  ...  and  reaches  a  maximum  at  ~1000'’C. 
Further  increase  in  temperature  results  in  a  reduction  of  the  growth  rate 
and  in  deterioration  of  the  structure  of  the  diamond  layers,  so  that  HEED 
analysis  reveals  graphite  inclusions."  As  far  as  we  know,  no  refereed 
publications  reported  on  the  homepitaxial  grovrth  of  diamond  above 
1200®C  between  1976  and  1990. 

Several  authors  [12,13]  have  argued  that  the  chemisorption  states  of 
hydrogen  on  diamond  surfaces  [14],  with  their  desorption  peaks  at 
approximately  900  and  lOSO’C,  will  prevent  a  growing  diamond  surface 
from  maintaining  its  sp3  hybridization  at  higher  temperatures.  The  upper 
terriperature  limit  for  CVD  diamond  growth  would  then  be  due  to  the 
desorption  of  atomic  hydrogen  and  the  subsequent  reconstruction  and 
graphitization  of  the  growing  diamond  surface.  The  actual  hydrogen 
coverage  of  a  diamond  surface  in  a  CVD  environment  will  depend  on  a 
dynamic  balance  of  the  flux  of  hydrogen  and  other  species  from  the  gas 
phase,  as  well  as  the  abstraction  and  desorption  kinetics  on  the  surface. 
Estimates  of  the  hydrogen  disassociation  fraction  in  atmospheric 
pressure  oxygen-acetylene  flames  suggest  that  the  hydrogen  flux  in  a 
flame  environment  could  be  as  much  as  an  order  of  magnitude  higher  than 
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in  CVD  reactors  [5].  Thus,  the  high  atomic  hydrogen  flux  in  an 
atmospheric  pressure  oxygen-acetylene  flame  could  permit  a  growing 
diamond  surface  to  remain  hydrogen  terminated  well  above  the  hydrogen 
desorption  temperatures  determined  under  UHV  conditions. 

A  recent  U.S.  patent  application  [15]  and  two  publications  [16,  17] 
reported  diamond  growth  at  temperatures  above  1400°C.  Scanning 
electron  micrographs  in  both  publications  show  a  columar  type 
morphology  with  square,  <100>  oriented  diamond  crystals  situated  on  top 
of  the  columns.  The  columns  act  to  thermally  isolate  the  large  diamond 
crystals  from  the  substrate,  thus  generating  the  very  high  crystal 
temperatures  that  we  first  observed  in  1988  [1,  <*,  3,  5]. 

The  existence  of  a  new  high  temperature,  high  rate  growth  regime  for 
the  homoepitaxial  synthesis  of  macroscopic,  high  quality  diamond 
crystals  has  been  demonstrated  by  this  work.  Knowing  that  DC  and  RF 
plasma  jets  can  also  induce  a  high  disassociation  fraction  of  hydrogen, 
we  recently  initiated  a  collaboration  with  the  High  Temperature 
Laboratory  at  the  University  of  Minnesota.  The  results  of  this  work 
indicate  that  monocrystalline  diamond  can  also  be  grown  with  a  high 
temperature  epitaxy  (HTE)  type  process  in  a  DC  triple  torch  reactor  [18, 
19].  The  work  reported  in  these  papers  may  eventually  enable  the  growth 
of  relatively  inexpensive,  large  (1-10  ct.)  single  crystals  and  boules  of 
diamond.  Such  diamond  is  not  readily  available  from  natural  or  synthetic 
sources  and  is  needed  to  develop  diamond-on-diamond  electronic  devices, 
heat  sinks  and  bulk  optical  components. 
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(a)  I - 1  3  Jim  (b)  I - 1 

Figure  1.  Scanning  electron  micrographs  of  a)  top  surface  of  {110}  type 
IIA  seed  crystal  after  1  hr  deposition  at  950°C  showing  rough  growth 
surface  similar  to  that  observed  by  other  groups,  and  b)  edge  of  same  seed 
after  deposition  showing  oriented  polycrystalline  growth  on  side  of  seed. 


(a)  I - 1  750  urn  (b)  I - 1  750  ^m 

Figure  2.  Scanning  electron  micrographs  of  circular  <100>  oriented  seed 
crystal  grown  at  1250i:30‘’C  in  a  oxy-acetylene  flame:  a)  before  deposition, 
and  b)  after  deposition  showing  faceted  growth  with  octagonal  shape. 


<100> 


Figure  3.  Cubo-octahedral  crystal  showing  growth  sectors  observed 
(gray)  in  deposit  on  {100}  seed  crystal  shown  in  Fig.  2b. 
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Figure  4.  Raman  spectrum  of  the  diamond  crystal  shown  in  Fig.  2b.  The 
diamond  peak  position  and  its  FWHM  are  1333.1  cm'"*  and  2.6  crn'I., 
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Figure  5.  Low  temperature  photoluminescence  spectrum  of  diamond 
crystal  shown  in  Fig.  2b.  Note  the  peaks  at  2.464  (a),  2.282  (c),  2.155  (d), 
1 .946  (e)  and  1 .682  (f)  eV.  The  first  order  Raman  peak  (b)  is  at  2.375  eV. 


Figure  6.  Laue  Xray  diffraction  pattern  of  a)  seed  crystal  side  of  1250°C 
sample  after  growth,  and  b)  deposited  crystal  side  of  same  sample..  Note 
that  the  deposited  layer  is  monocrystalline,  of  <100>  orientation,  and 
epitaxially  oriented  with  respect  to  the  seed  crystal. 
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ABSTRACT 

High  quality  potycrystalline  diamond  films  have  been 
synthesized  in  a  turbulent  premixed,  oxygen-acetylene  flame, 
using  a  commercial  brazing  torch.  The  quality  of  the  films 
was  measured  by  high  resolution  Raman  spectroscopy, 
scanning  and  transmission  electron  microscopy, 
hemispherical  transmittance  measurements  in  the  UV,  visible 
and  infrared,  and  photoluminescence  spectroscopy. 
Turbulence  was  achieved  by  operating  the  torch  with  a 
sufficiently  high  Reynolds  number.  The  presence  of 
turbulence  was  confirmed  by  observations  of  changes  in  the 
flame  shape,  the  characteristic  sound  of  the  flame,  and 
calculation  of  the  Reynolds  number. 


Most  combustion  processes  either  involve  or  are  dependent  on 
turbulence.  While  several  groups  have  investigated  diamond  growth  in 
laminar  flames  (1 ,2),  none  have  examined  the  turbulent  case.  One  of  the 
outstanding  features  of  turbulent  flames  is  that  the  rates  of  transfer  and 
mixing  can  be  several  orders  of  magnitude  higher  than  in  laminar  flames 
(3).  This  is  due  to  the  presence  nf  eddies,  which  can  have  an  effective 
diffusion  coefficient  which  is  larger  than  the  molecular  diffusion 
coefficient  by  one  to  two  orders  of  magnitude,  depending  on  the  Reynolds 
number  (4).  Consequently,  the  transport  of  molecules,  heat  and  momentum 
can  be  greatly  enhanced  in  turbulent,  as  compared  to  laminar  flow.  If  the 
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diamond  growth  rate  In  laminar  premixed  flames  is  transport  limited,  then 
that  rate  could  be  significantly  increased  by  the  introduction  of  turbulence. 
Recently  we  have  reported  on  the  growth  of  high  quality  diamond  films  in  a 
turbulent,  premixed,  oxygen-acetylene  flame  (5).  In  this  paper  we  provide 
more  details  about  the  growth  conditions  and  additional  analyses  of  the 
quality  of  the  deposited  diamond  films. 

The  apparatus  used  in  this  study  consisted  of  a  commercial  oxygen- 
acetylene  brazing  torch,  a  gas  mass  flow  control  system,  a  water  cooled 
copper  (Cu)  substrate  mount,  and  a  two-color  infrared  (IR)  pyrometer  that 
was  used  to  monitor  the  substrate  temperature  during  growth  (see  Figure 
1).  The  substrates  consisted  of  ~1.5  cm  long  sections  of  3/8"-16 
molybdenum  (Mo)  threaded  rod,  slotted  on  one  end  and  polished  with  silicon 
carbide  and  diamond  grit  on  the  other.  The  temperature  of  the  Mo 
substrates  was  controlled  by  adjusting  the  penetration  of  the  substrates 
into  a  threaded  hole  In  the  water  cooled  Cu  substrate  mount.  A  more 
detailed  description  of  this  experimental  setup  can  be  found  elsewhere  (6). 
High  purify  oxygen  (99.99%)  and  acetylene  (99.6%)  were  used  as  source 
gases,  with  the  acetylene  passed  through  an  activated  charcoal  trap  to 
remove  residual  acetone  (7).  For  this  study  the  ratio  (Rf)  of  the  flow  rate 
of  oxygen  to  acetylene  was  chosen  so  that  a  small  excess  acetylene  feather 
existed  just  beyond  the  primary  flame  front.  The  substrates  were 
positioned  in  the  feather  about  1-2  mm  from  the  primary  flame  front  (see 
Fig.  1),  and  adjusted  so  as  to  maintain  a  surface  temperature  of  ~900®C  for 
one  hour.  Photographs  of  flame  shapes  were  performed  with  a  Bausch  and 
Lomb  StereoZoom7  microscope  and  a  standard  Polaroid  attachment. 

Figures  2a  and  2b  show  photographs  of  premixed  oxygen-acetylene 
flames  generated  with  0.89  mm  and  1.85  mm  diameter  orifice  tips, 
respectively.  The  oxygen/  acetylene  flow  ratio  and  the  average  gas 
velocity  at  the  orifice  are  the  same  for  both  flames.  Turbulent  flow  can 
cause  a  rounding  and  broadening  of  the  primary  flame  front,  as  shown  in 
Figure  1b,  and  introduce  a  characteristic  hissing  sound  (8).  The  rounding 
of  the  flame  front  may  be  due  to  the  rounding  of  the  velocity  profile 
observed  when  the  flow  in  a  ti  je  changes  from  laminar  to  turbulent.  The 
broadening  occurs  when  the  scale  of  the  turbulence  (i.e.  the  eddy  diameter) 
is  significantly  greater  than  the  flame  front  thickness  (9).  Instantaneous 
micro-Schlieren  photographs  have  revealed  that  the  thickened  flame  front 
seen  by  the  eye  is  really  the  time  averaged  envelope  of  a  fluctuating, 
corrugated  flame  front  {"<)).  The  Reynolds  number  (Re  =  vdp/p)  of  the 
flow  in  the  tube  supporting  the  flames  shown  in  Fig.  2a  and  2b  was 
calculated  to  be  5,900,  and  12,200  respectively,  assuming  a  temperature 
of  300°K  and  a  1:1  mixture  of  oxygen:  acetylene.  Higher  gas  temperatures 
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could  lower  these  Re  values  (due  to  the  viscosity's  VT  dependence),  but  the 
temperature  rise  of  the  gases  In  the  burner  tip  was  estimated  to  be 
negligible.  The  high  Reynolds  numbers  quoted  here  for  flow  in  the  tube 
supporting  a  laminar  flame  may  be  related  to  the  observation  (11)  that 
Bunsen  burner  flames  can  appear  laminar  when  the  gas  flow  In  the  burner 
tube  is  turbulent. 

The  laminar  and  turbulent  operational  regimes  (12)  of  a  Bunsen  burner 
are  shown  as  a  function  of  the  average  gas  velocity  and  the  burner 
diameter  in  Figure  3.  We  expect  that  oxygen-acetylene  torches  will 
exhibit  similar,  but  not  identical,  characteristics.  Note  that  both  the 
laminar  and  turbulent  regimes  are  bounded  from  below  by  the  flashback 
limit,  and  from  above  by  the  blow-off  limit.  These  limits  correspond  to 
the  flame  either  propagating  back  down  the  burner  tube  or  becoming 
unstable  and  detaching  from  the  burner  tip,  respectively.  The  blow-off 
and  flash  back  limits  are  defined  semi-empirically  in  terms  of  two 
critical  velocity  gradients  which  are  expressed  in  terms  of  the  quenching 
distance  and  the  average  gas  velocity.  The  quenching  distance  corresponds 
to  the  tube  diameter  below  which  a  flame  cannot  propagate,  due  to  heat 
losses  to  the  wails;  this  sets  a  lower  limit  on  the  burner  diameter.  For 
stoichiometric  mixtures  of  oxygen  and  acetylene,  the  quenching  distance 
is  about  0.1  mm.  The  laminar  and  turbulent  regimes  are  separated  by  a 
hyperbolic  wedge  defined  by  the  Reynolds  number  values  corresponding  to 
the  laminar-turbulent  transition  at  the  flame  front.  Since  these  Reynolds 
numbers  are  not  defined  at  the  flame  front,  the  values  may  be  higher  than 
the  normal  2,300-3,200  values  that  are  quoted  for  turbulent  flow  in  tubes. 
The  velocity  profile  in  the  burner  tube  changes  significantiy  when  the 
flow  changes  from  laminar  to  turbulent,  and  hence  the  critical  velocity 
gradients  and  slope  of  the  the  blow-off  and  flash-back  limits  shown  in 
Fig.  3  may  also  change  in  passing  through  the  laminar-to-turbulent 
transition. 

The  first  order  Raman  spectrum  of  a  polycrystalline  diamond  film 
grown  at  Tg  =  900  "C  in  a  premixed  (Rf  =  1.08),  turbulent  oxygen-acetylene 
flame  was  measured  at  low  power  with  a  bandpass  of  2.7  cm-i  and  is 
shown  in  Figure  4.  Note  the  absence  of  any  significant  graphite  or  a-C 
components  in  the  spectrum  and  the  small  luminescence  background 
increases  with  larger  shifts  from  the  excitation  wavelength.  A 
measurement  of  the  high  resolution  Raman  spectrum  of  the  same  sample 
was  also  performed.  The  film's  diamond  peak  position  is  located  at 
1333.3  ±  0.2  cm-1  and  it's  linewidth  (FWHM)  is  3.0  cm-V  For  comparison,  a 
natural  type  IIA  diamond  sample  was  also  analyzed;  the  peak  position  and 
FWHM  were  found  to  be  1333.5  cm-i  and  2.4  cm-i,  respectively. 
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The  low  temperature  photoluminescence  spectra  of  the  polycrystalline 
sample  analyzed  In  Figure  4  is  shown  in  Figure  5.  We  have  used  a  488  nm 
laser  line  and  a  power  of  20  mW  for  this  measurement.  Note  that  the 
spectra  exhibits  no  detectable  vacancy  and/or  nitrogen  related  complexes 
that  have  been  observed  (12)  in  diamond  grown  in  laminar  oxygen- 
acetylene  flames.  The  regularly  spaced  small  peaks  from  1.4-1 .7  eV  are 
due  'i  interference  effects  in  the  film.  Note  that  the  spectrum  is 
dominated  by  a  strong  first  order  Raman  peak  at  2.375  eV,  and  a  broad 
almost  featureless  luminescence  band.  The  broad  band  may  be  due  to  the 
recombination  of  extended  defects,  as  observed  in  natural  diamond.  The 
features  at  1.8-1 .9  eV  and  2.0-2.1  eV  are  probably  due  to  the  spectral 
response  of  the  spectrometer.  A  transmission  electron  micrograph  of  a 
film  grown  under  similar  conditions  is  shown  in  Figure  6a.  The  grain  size 
is  1-2  pm.  Twinning,  although  frequent,  is  not  as  heavy  as  in  FACVD  films 
which  were  grown  and  analyzed  at  NRL.  Stacking  faults  may  also  be 
observed,  as  shown  In  Fig.  6b. 

Diamond  crystals  grown  on  Si  coated  Mo  substrates  under  the  proper 
conditions  (i.  e.  substrate  temperature,  flow  ratio,  position  in  flame)  in  a 
turbulent  oxy-acetylene  flame  are  transparent  enough  to  allow  one  to 
image  the  substrate  through  individual  crystals  with  an  optical 
microscope:  thin  films  (~10-30  urn  thick)  grown  on  Mo  substrates  are 
white  and  sufficiently  transparent  to  read  newsprint  through.  We  have 
been  able  to  grow  well  facetted  crystals  at  substrate  temperatures  of 
500-1 200°C,  depositions  outside  of  this  range  have  not  been  attempted. 
The  UV,  visible  and  NIR  hemispherical  transmittance  of  10  pm  thick 
diamond  films  synthesized  in  a  turbulent  flame  is  high  throughout  the  UV, 
visible  and  NIR  (5)-  A  sharp  absorption  edge  is  observed  at  ~222nm, 
indicating  the  absence  of  the  defect  center  associated  with  substitutional 
nitrogen  (13).  A  slightly  higher  transmittance  is  observed  when  the  rough 
side  of  the  film  is  oriented  towards  the  spectrophotometer's  beam.  This 
is  due  to  total  internal  reflection  at  the  rough  surface  of  the  fiim  (14). 

The  diamond  growth  rates  observed  under  the  conditions  reported  in 
this  paper  are  lower  than  those  observed  with  a  laminar  oxygen-acetylene 
flame  (2,6).  In  a  turbulent  flame,  the  flux  of  active  species  to  the 
growing  diamond  surface  is  expected  to  increase  significantly  compared 
to  a  laminar  flame.  Recently  we  have  determined  that  the  boundary  layer 
next  to  a  substrate  positioned  in  a  flame  similar  to  that  shown  in  Figure 
2b  is  laminar.  Hence,  the  increased  species  fiux  associated  with  turbulent 
flow  may  not  be  fully  realized.  The  increase  in  quaiity  and  lower  growth 
rates  for  diamond  synthesized  in  a  turbuient  fiame  suggests  that  the  flux 
of  growth  to  etchant  species  (15)  at  the  substrate  surface  has  shifted  in 
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the  direction  of  etching.  If  the  entrainment  of  room  air  increases  with 
flow  rate  and/or  turbulence,  then  additional  etchant  species,  e.g.  OH,  may 
be  transported  to  the  substrate.  A  thinner  boundary  layer  may  also  change 
the  ratio  of  growth  to  etchant  species  at  the  substrate  if  the  lifetimes  of 
critical  species  are  close  the  the  transport  time  across  the  boundary 
layer.  Finally,  if  the  level  of  turbulence  is  sufficiently  high,  the  flame 
front  can  be  discontinuous,  leading  to  burning  in  isolated  pockets  and 
further  changes  in  the  growth  chemistry.  Previous  reports  of  high  quality 
diamond  growth  in  flames  (16,17,18)  did  not  indicate  that  turbulent 
flames  were  employed,  and  flame  shape  drawings  and/or  experimental 
parameters  from  these  papers  suggest  that  the  flames  were  laminar. 
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Figure  3.  Operational  regimes  of  premixed,  single  orifice  torches.  Note 
the  flashback  limit,  the  blow-off  limit,  and  the  hyperbolic  wedge 
separating  the  laminar  and  turbulent  regimes. 


8 

CO 

i2 

c 

3 


w 

c 

0} 


If-  Turbulent  Flame 
RT 

Bandpass  -  2.73  cm’^ 


J 


514.5  nm 
~40  W/cm^ 


J _ L 


600  800  1000  1200  1400  1600  1800  2000 

Raman  Shift  (cm-1) 


Figure  4.  Raman  spectrum  of  a  polycrystalline  diamond  film  grown  in  a 
turbulent,  premixed  oxygen-acetylene  flame  at  Ts  =  900°C. 
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Figure  5.  Low  temperature  photoluminescence  spectrum  of  a  diamond 
film  grown  in  a  turbulent  oxygen-acetylene  flame.  Note  the  absence  of 
defect  bands  associated  with  vacancies  and  nitrogen  related  complexes. 


Figure  6.  TEMs  of  a  diamond  film  grown  in  a  turbulent  flame:  (a)  bright 
field,  showing  twins  (b)  dark  field,  showing  stacking  faults. 
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Abstract 

Thermal  plasma  jets  were  used  for  high  rate  homoepitaxial  growth  of 
diamond.  Coalesced  plasma  jets  impinged  on  a  cylindrical  diamond  seed 
crystal  which  was  located  at  the  converging  part  of  the  jets.  After  a  typical 
30  minute  deposition,  polyhedral  shai^  crystals  were  observed  having 
grown  on  top  of  the  original  seed.  The  growth  rates  ranged  firom  100  to  220 
^m/hour,  which  is  highest  ever  reported  for  the  homoepitaxial  growth  of 
diamond. 

Introduction 

The  many  superlative  properties  of  diamond  have  led  to  a  considerable  research  and 
development  effort  (1)  ever  since  the  initial  high  pressure,  high  tempmture  process  for 
making  synthetic  diamonds  has  been  discovert  (2).  Polycrystalline  diamond  films  have 
been  deposited  on  a  variety  of  substrate  materials  with  a  multitude  of  processes  (1,3*  5). 
However,  the  exploitation  of  the  potential  of  diamond  as  a  high  temperature  semiconductor 
material  requires  the  development  of  processes  for  epitaxial  fum  detrition. 

Homoepitaxial  film  growth  of  diamond  films  has  been  achieved  (1,6-  20),  however, 
the  growth  rate  remained  on  the  order  of  0.1  ^tn/hour.  Little  success  has  been  obtained 
with  hetetoepitaxy  (17  - 19)  except  on  cubic  boron  nitride  (20). 

Two  significant  studies  on  high  rate  homoepitaxial  growth  of  diamond  have  been 
reported  recently.  Both  of  them  used  oxygen-acetylene  flames.  A  research  group  in 
Drukker  International  B.V.  in  the  Netherlan^  has  reported  successful  high  rate  epitaxial 
deposition  of  single  crystal  diamond  on  {110}  nature  diamond  substrates  with  a  growth 
rate  of  50  ^m^our  (14).  A  research  group  at  the  Naval  Research  Lab  has  reported  high 
rate,  high  quality  epitaxial  growth  on  { 100)  directions  of  natural  diamond  seeds  at  higher 
temperatures  of  1,^  ‘’C  with  growth  rates  in  the  range  from  100  to  165  {im/hour  (15, 16). 

In  this  paper,  we  report  the  high  cate  homoepitaxial  deposition  of  diamond  using  the 
thermal  plasma  chemical  vapor  deposition  metht^.  High  rates  of  1(X)  -  220  ^m/hour  have 
been  obtained  on  both  { 1(X)}  and  {110}  planes  of  diamond  seeds.  The  diamond  deposits 
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have  been  characterized  with  scanning  electron  microscopy  (S£M),  energy  dispersive  X- 
ray  analysis  (EDX),  Laue  X-ray  diffraction,  and  Raman  sj^troscopy. 

Experimental  Setup  and  Conditions 

The  experiments  for  the  high  rate  homoepitaxial  deposition  of  diamond  have  been 
performed  in  a  Triple  Torch  Plasma  Rector  (TTPR).  The  reactor  consists  of  three  identical 
plasma  torches  in  which  DC  electric  arcs  are  utili^  to  heat  the  plasma  gases.  The  three 
plasma  torches  are  mounted  in  such  a  way  that  the  plasma  jets  coalesce  forming  a 
convergent  plasma  volume  as  shown  in  Fig.  1  (Only  two  of  the  three  plasma  torches  are 
shown  in  the  illustration). 

The  plasma  gas  is  a  mixture  of  argon  and  hydrogen.  Methane  diluted  with  hydrogen  is 
injected  into  the  converging  plasma  jets  through  a  water  cooled  tube  located  in  the  center. 
The  configuration  of  the  plasma  volume  in  this  triple  torch  plasma  arrangement  ensures  a 
more  complete  entrainment  of  the  incoming  precursors  and  therefore  a  more  uniform 
mixture  compared  to  the  conventional  single  torch  plasma  jet  reactor.  The  pldsma  envelopes 
the  injected  mixture  of  methane  and  hydrogen  injected  and  fragments  it  into  activated 
species  before  impinging  onto  the  substrate  which  is  located  about  10  cm  below  the 
nozzles. 

Because  of  the  dominance  of  collisional  energy  transfer  in  thermal  plasmas,  high 
concentrations  of  hydrogen  atoms  and  activated  hydrocarbon  fragments  are  being 
generated.  Such  high  concentrations  are  advantageous  for  the  diamond  deposition.  Thermal 
plasma  chemical  vapor  deposition  usually  results  in  high  deposition  rates  (21  -  25). 

The  system  is  operated  in  a  double  wall  water-cooled  chamber.  The  optical  windows  on 
the  sides  allow  non-contact  substrate  temperature  measurements.  The  reactor  vessel  is 
evacuated  before  the  experiment  and  filled  with  argon  to  a  pressure  of  270  torr.  Hydrogen 
is  gradually  added  into  the  torches  after  the  plasma  is  started.  The  substrate  temperature  is 
usually  monitored  by  a  two-color  pyrometer  as  shown  in  Fig.  1.  However,  the  bright 
plasma  contributes  to  an  error  in  the  r^ing;  therefore,  the  temperature  reading  is  recorded 
at  the  instant  of  the  plasma  shut-down.  Typical  experimental  conditions  are  listed  in  Table 
1. 


Plasma  torches  (each): 

Process  pressure: 

Gas  feeding  probe: 

Substrate: 
Pre-treatment 
Substrate  temperature: 
Deposition  time: 


current:  300  Amps;  voltage:  40  volts; 

Ar  flow  rate:  13  liters/min;  Hz  flow  rate:  1 .3  liters/min; 
270tdrr, 

Hz  flow  rate:  14  liters/min; 
methane  flow  rate:  5.0  %  of  the  total  Hz  flow  rate; 
type  Ila  natural  diamond,  { 100},  { 1 10}  orientation; 
{mlished;  cleaned  with  ethanol  ^uasonically; 

1,200- 1,400  “C  (±100  "O; 

30  minutes. 


Table  1:  Typical  Experimental  Conditions  in  TTPR 


The  substrates  consist  of  250  thick  natural  type  Ila  diamond  seed  which  were  laser 
cut  into  circular  cross  sections,  polished  on  the  top  { 100)  or  ( 1 10)  faces,  and  brazed  to  the 
ends  of  1.5  cm  long  pieces  of  threaded  molybdenum  rod  with  a  Au-Ta  layer.  The  braze 
materials,  which  have  a  melting  temperatui )  around  1,300  °C,  insured  good  thennal  contact 
between  the  diamond  seed  crystals  and  the  molybdenum  rod  durin*;  deposition.  Since  the 
thermal  conductivities  of  the  diamond  seed  crystals  and  braze  material  are  relatively  high, 
the  seed  crystal  is  expected  to  be  isothermal  and  its  temperature  equal  to  or  slightly  higher 
than  the  molybdenum  rod  temperature.  The  temperature  of  the  seed  crystal  has  been 
controlled  by  varying  the  penetration  of  the  molybdenum  rod  into  a  threaded  hole  in  a  water 
cooled  copper  substrate  assembly. 

It  has  been  proposed  that  high  substrate  temperatures,  which  promote  sufficiently  rapid 
surface  diffusion,  is  important  for  the  epitaxial  growth  in  chemical  vapor  deposition 
processes  (26,  27).  However,  due  to  the  metastable  nature  of  the  diamond  film,  a  higher 
substrate  temperature  has  been  believed  to  result  in  graphitic  carbon  formation.  This  is  in 
part  due  to  the  failure  of  hydrogen  termination  of  the  outermost  diamond  lattice  atoms  (28) 
at  >tigh  temperatures.  The  limited  avaib’  ‘  ty  of  atomic  hydrogen  in  many  CVD  systems 
makes  the  high  temperature  epitaxy  difficult  in  many  CVD  processes.  Thermal  plasmas, 
similar  to  flams,  which  can  o^er  much  more  abundant  atomic  hydrogen  compared  to  other 
CVD  systems,  may  overcome  the  shortage  of  surface  tenninating  hydrogen  and  enable  the 
successful  epitaxial  diamond  growth  at  high  temperatures. 

Results  and  Discussion 

A  series  of  homoepitaxial  growth  experiments  have  been  performed  on  natural  type  Ha 
diamond  seed  crystals.  The  top  surface  of  the  crystals  had  either  <100>  or  <110> 
orientation.  During  half-hour  long  deposition  at  substrate  temperatures  ranging  tixim  1,200 
to  1,4(X)  ®C  (±100  ®C),  one  could  observe  the  specular  glint  of  plasma  emissions  reflecting 
off  the  growing  crystal  faces  after  only  5  minutes.  Scanning  electron  micrographs  of 
poly>'*dral  single  crystals  grown  in  30  minutes  on  an  approximately  1  mm  diameter, 
cylii  ically  shaped  { 100)  crystal  at  1,230  ®C  and  on  { 1 10)  crystal  at  1,300  ®C  arc  shown 
in  Fi".  2a  and  2c,  respectively.  Note  the  long  range  order  and  step  morphology  evident  on 
the  top  surface  of  the  ( 100)  ^sul  (Fig.  2b),  and  the  vertical  plate  mo^holo^  on  the  top 
surface  of  the  { 1 10)  crystals  (Fig.  2d).  The  step  morphology  has  been  observed  at  lower 
temperatures  by  a  number  of  researchers  (29,  30),  but  the  vertical  plates  observed  on  the 
(110)  diamond  crystals  have  not  been  reported  before,  to  our  knowledge  (although  it  is 
common  for  epitaxy  of  other  crystal  systems  (31)).  If  the  growth  on  the  (110)  face 
proceeds  via  a  "zipper"  growth  mechanism  (14),  then  the  plates  are  probably  aligned  along 
the  <1 10>  directions  on  the  (110)  face. 

The  Raman  spectra  of  the  crystals  pictured  in  Fij.  2a  and  2c  arc  shown  in  Fig.  3. 
Graphite  and  amorphous  carbon  ^aks  are  absent  in  all  the  spectra,  and  the  fluorescence 
background  is  low  over  the  entire  surface  of  the  (KX))  growth  (curve  a).  The  (110) 
growth  exhibited  a  significantly  higher  fluorescence  background  on  the  top  corrugated  face 
(curve  c)  compared  to  the  smooth  side  faces  (curve  b).  The  full  width  at  half  maximum 
(FWHM)  of  the  diamond  peaks  at  1332  cm'l  have  been  found  to  be  2.9  cm'l  for  the  { 100) 
growth  and  5.1  cm*'  for  the  side  face  of  the  { 1 10)  growth.  A  FWHM  value  of  5.4  cm'^ 
was  obtained  for  me  top  face  of  the  (110)  growth.  For  comparison,  a  FWHM  of  2  -  3,3 
cm‘l  (14,  32)  is  common  for  natural  diamond,  and  2.6  cm'l  (15)  has  been  observed  for 
epitaxially  deposited  diamond  in  a  oxygen-acetylene  flame.  Laue  X-ray  diffraction 
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measurements  have  been  performed  on  both  crystals  and  they  have  confirmed  the 
monocrystalline  and  epitaxial  nature  with  respect  to  the  underlying  seed  crystals.  A 
measurement  of  the  impurity  levels  in  both  crystals  has  been  performiMl  with  an  energy 
dispersive  X-ray  analysis  (EDX)  tech.nique.  Low  levels  of  copper  have  been  observed  in 
the  { 1 10}  growth,  possibly  due  to  contamination  from  the  plasma  torch  electrodes. 

Conclusion 

A  new  high  temperature  epitaxy  process  (HTE)  for  growing  macroscopic  diamond 
crystals  has  b^n  demonstrated  using  thermal  plasmas,  llie  results  have  confirmed  and 
extended  earlier  reports  of  the  HTE  growth  of  diamond  with  an  oxygen-acetylene  flame. 
One  advantage  of  using  plasma  over  a  flame  is  the  total  flexibility  of  the  reaction 
environment.  This  will  peimit  the  use  of  cheaper  fuels  such  as  methane,  and  improve  the 
economics  (33)  of  growing  isotopically  enriched,  high  thermal  conductivity  diamond  (34) 
using  an  type  process.  The  high  growth  rates  achieved  in  plasma  or  flame  processes 
may  prove  to  be  viud  for  the  economic  feasibility. 

Since  only  a  small  region  of  the  parameter  space  of  the  deposition  process  has  been 
investigated,  we  anticipate  further  improvement  of  the  observed  results  by  optimizing  the 
process. 
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Fig.  1:  Schematic  of  the  Triple  Torch  Plasma  Reactor  for  the  Epitaxial 
Deposition  of  Diamond  on  Natural  Type  Ila  Diamond  Seed  Crystals. 
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Abstract 

This  study  has  been  concerned  with  thermal  plasma  CVD  of  diamond 
films  using  methane  and  hydrogen  as  precursors  and  taking  several  process 
parameters  into  account.  The  properties  of  the  diamond  films,  including 
growth  rates,  growth  direction,  and  crystal  sizes  are  correlated  with  the 
governing  process  parameters.  Growth  rates  of  up  to  60  pm/hour  have  been 
observed  on  a  variety  of  substrate  materials  with  an  optimum  pressure  of 
270  torr  at  substrate  temperatures  close  to  1,000  ®C. 

Introduction 

Thermal  plasmas  have  been  used  for  the  deposition  of  diamond  in  recent  years  (1  - 10). 
Because  of  the  dramatically  increased  growth  rates  (1 1)  compared  to  the  hot  filament  or 
non-thermal  plasma  CVD  processes  such  as  microwave  plasmas,  thermal  plasma  CVD 
processes  have  attracted  increasing  attention.  However,  due  to  the  diversity  of  the 
experimental  setups  used  by  the  different  researchers,  it  is  difficult  to  compare  the 
experimental  data.  We  report  the  results  of  an  investigation  of  effects  of  a  number  of 
process  parameters  on  the  thermal  plasma  chemical  vapor  deposition  of  diamond.  The 
parameters  include  substrate  material,  substrate  temperature,  methane  concentration, 
process  pressure,  and  the  methods  for  substrate  pre-treatment. 

Experimental  Setup  and  Conditions 

Experiments  have  been  performed  in  a  Triple  Torch  Plasma  Reactor  (TTPR).  which  is 
shown  schematically  in  Fig.  1.  Three  coalescing  plasma  jets  impinge  on  a  water-cooled 
substrate.  Details  of  this  arrangement  are  discuss^  elsewhere  (9). 

Common  experimental  conditions  are  summarized  in  Table  1. 

Experimental  Results  and  Discussion 

a.  Effect  of  Substrate  Material 

Diamond  films  have  been  deposited  on  various  substrates  including  silicon, 
molybdenum,  tungsten,  tantalum,  titanium,  nickel,  palladium,  copper,  and  stainless  steel. 
A  typical  diamond  film  is  shown  in  Fig.  2  and  corresponding  X-ray  diffraction  pattern  in 
Fig.  3.  On  the  metal  substrates,  both  carbide  forming  and  non-carbide  forming,  the 
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deposition  has  been  successful.  However,  the  adhesion  of  diamond  films  to  the  substrate 
usually  is  rather  poor  in  case  of  metal  substrates.  Cracks  (shown  in  Fig.  4)  often  develop 
on  the  films.  This  is  due  to  the  large  differences  between  the  thermal  expansion  coefficients 
of  diamond  and  the  metals. 


Plasma  torches  (each): 

Process  pressure: 

Gas  feeding  probe: 

Substrate: 

Pre-treatment 


Substrate  temperature: 
Deposition  time: 


cunent:  3(X)  amps;  voltage:  40  -  45  volte; 

Ar  flow  rate:  10-20  liters/min;  H2  flow  rate:  1-2  liters/min; 
100, 170, 270,  400, 760  torr, 

Ha  flow  rate:  10  -  IS  litos/min; 

methane  flow  rate:  3.5,  5.0,  6.5,  10,  and  40  %  of  the  total  H2 
Si,  Mo,  W,  Ta,  Ti,  Pd,  Ni,  Cu,  and  stainless  steel; 
for  Si :  unscratched 

scratched  with  1  pm  or  15  pm  grit  diamond  paste; 

for  metals:  unsciatched  or 

sand  blasted,  or  scratched  with  1  pm  diamond; 

substrates  are  cleaned  with  acetone  or  ethanol  ultrasonically; 

800- 1200  °C; 

10  minutes  to  several  hours. 


Table  1:  Typical  Experin^ntal  Conditions  during  TTPR  Operation. 

b.  Effect  of  Methane  Concentration 

The  effect  of  gas  composition  is  depicted  in  Fig.  6  showing  four  films  deposited  on 
molybdenum  substrates  with  progressively  increased  methane  concentrations  (3.5,  5.0, 
6.5,  and  10  %).  The  first  three  micrographs  have  been  taken  at  the  same  magnification  (x 
2,500)  for  size  comparison.  Although  the  first  three  films  show  good  crystallinity,  there  is 
a  noticeable  difference  in  sizes  of  the  constituent  crystals  in  the  films.  The  higher  the 
concentration,  the  smaller  the  crystal  size.  This  is  probably  due  to  the  increasing  number  of 
secondary  nucleations  when  the  methane  concentration  is  increased.  The  secondary 
nucleadons  (shown  in  Fig.  5)  on  existing  diamond  facets  prevent  the  existing  crystals  from 
growing  before  daughter  crystals  start  to  form.  When  the  methane  concentration  exceeds  a 
certain  value,  a  large  portion  of  the  film  starts  to  lose  its  crystallinity  dramatically  and 
changes  to  large  cauliflower-type  balls  with  few  facets  left  as  shown  in  the  Fig.  6  (d). 

c.  Effect  of  Substrate  Temperature 

A  two-color  pyrometer  has  been  employed  for  temperature  measurements.  It  has  been 
found  that  the  substrate  temperature  has  a  pronounced  effect  on  the  morphology  of  the 
growth  surface  of  the  diamond  films.  Figure  7  (a)  shows  a  film  grown  on  the  1,(X)0  °C 
substrate  and  Fig.  7  (b)  1,200  ®C.  It  can  be  seen  that  when  the  substrate  temperature  is 
lower  most  facets  facing  the  growth  surface  are  (1 1 1)  triangles  while  when  the  temperature 
is  higher  the  surface  facets  are  (100)  squares.  This  observation  is  in  agreement  with  other 
investigators'  conclusion  that  at  lower  temperatures  (111)  faces  dominate  the  cryst:ulite 
morphology  and  at  higher  temperatures  (100)  faces  are  predominant  (reviewed  ir  Ref.  12  - 
14).  It  should  be  noticed  that  contradictory  observations  have  also  been  reported  (15). 
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The  coverage  of  the  film  is  about  1.5  inches  in  diameter.  The  coverage  is  not  uniform. 
The  growth  rate  exceeds  60  jinVhour  in  the  center  and  is  about  25  |lm^ou^  close  to  the 
fringes.  The  quality  also  varies  with  good  crystallinity  in  the  center  and  ball-like  grains 
close  to  the  edge. 

d.  Effect  of  Process  Pressure 

Figure  8  shows  the  relationship  between  the  growth  rate  vs.  pressure  (in  the  range  from 
100  to  760  torr)  at  a  substrate  temperature  around  1,000  °C  and  a  methane  concentration  of 
5  %.  Among  the  pressures  that  have  been  tested,  a  pressure  of  270  torr  results  in  the 
highest  growth  rates.  This  probably  can  be  understood  qualitatively  as  follows:  When  the 
pressure  of  a  plasma  is  high,  the  mean  free  paths  of  the  particles  in  the  plasma  are  short, 
and  frequent  collisions  bring  the  temperature  of  the  heavy  species  -  radicals,  molecules, 
atoms,  and  ions  to  about  the  same  level  as  that  of  the  electrons.  When  such  a  plasma  is 
quenched,  as  inside  the  boundary  layer  in  front  of  a  cooled  substrate,  the  densities  of  active 
species  will  be  much  higher  than  they  would  be  in  a  thermodynamic  equilibrium  situation 
because  of  the  relatively  slow  chemical  reactions.  In  other  words,  a  deviation  from 
chemical  equilibrium  prevails.  For  the  kinetically  dominated  metastable  diamond  growth 
process,  this  deviation  caused  by  quenching  a  thmnal  plasma  is  very  beneficial. 

If  the  active  species  arrive  at  the  substrate  surface  within  a  much  shorter  time  than  their 
life  spans,  as  in  the  case  of  completely  frozen  chemical  reactions,  the  situation  existing 
outside  the  boundary  layer  would  be  a  very  close  description  for  the  situation  at  the 
substrate  surface.  However,  the  diffusion  towards  the  surface  requires  time  and  some  of 
the  active  species  vanish  because  of  recombination.  Although  the  high  pressure  is  an 
advantageous  factor  for  being  able  to  create  a  plasma  with  abundant  active  species  because 
of  the  equilibria  between  electrons  and  hea^  particles,  it  may  also  cause  an  increased 
number  of  recombinations  preventing  many  active  particles  from  arriving  at  the  surface. 
The  result  shown  in  Fig.  7  seems  to  suggest  that  there  is  an  optimum  pressure  determined 
by  a  balance  between  creating  active  particles  and  their  survival.  Surface  recombination  has 
not  been  included  in  this  calculation  which  may  have  a  significant  effect  on  the  availability 
of  chemically  active  species  for  diamond  growth.  The  optimum  growth  rate  reported  in 
microwave  plasma  system  has  been  1 10  torr  at  975  °C  (15). 

e.  Effect  of  Substrate  Pre-Treatment 

There  have  been  reports  stating  that  by  employing  the  thermal  plasma  CVD  process, 
this  pre-treatment  of  the  substrate  might  be  eliminated  (2,  5).  We  have  investigated  this 
issue  and  have  found  that  the  necessity  for  the  pre-treatment  is  material  dependent. 

Both  unscratched  and  highly  polished  silicon  wafers  and  scratched  silicon  wafers  have 
been  used  as  substrates.  To  scratch  the  silicon  wafers,  both  1  jim  and  15  }im  diamond 
pastes  have  been  used  and  it  has  been  found  that  the  nucleadon  density  is  greatly  increased 
by  just  several  minutes  of  lapping.  Even  under  thermal  plasma  conditions,  the  highly 
polished  silicon  wafers  do  not  give  satisfactory  nucleation  density  and  scratching  of  the 
wafer  does  increase  the  nucleation  density  dramatically.  This  is  illustrated  in  Fig.  9  which 
shows  the  diamond  nuc.eation  on  a  parti^ly  scratched  silicon  wafer.  It  can  be  clearly  seen 
that  the  treated  half,  which  is  represented  on  the  right  part  of  the  micrograph,  shows  a 
much  higher  nucleation  density  compared  to  the  untreated. 
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However,  for  molybdenum,  the  diamond  paste  scratching  has  little  effect  on  the  initial 
nucleation  density.  Continuous  diamond  Hlms  have  been  generated  within  about  the  same 
time  period  no  matter  whether  the  metal  was  scratched  or  not  with  the  diamond  paste.  This 
is  probably  due  to  the  polycrystalline  nature  and  intrinsic  imperfections  at  the  metal  surface 
due  to  the  sheet  metal  production  process.  For  the  molybdenum  sheet  pre-treated  by  sand 
blasting  with  325  mesh  grit,  the  surface  is  very  rough  and  diamond  crystals  seem  to  prefer 
growing  on  the  edges  of  the  pits.  Continuous  films  are  difficult  to  form  in  this  case  b^ause 
of  the  great  surface  roughness  as  a  result  of  sand  blasting. 

Conclusions 

(1)  Diamonds  have  been  deposited  on  both  carbide-forming  materials  such  as  silicon, 
molybdenum,  tungsten,  and  tantalum  and  non-carbide-forming  materials  such  as 
palladium,  nickel,  and  copper.  The  adhesion  of  diamond  films  is  generally  poor  on  metal 
substrates. 

(2)  It  has  been  found  that  the  methane  concentration  has  a  pronounced  effects  on  the 
size  of  the  constituent  diamond  crystals  in  the  film.  The  higher  the  concentration,  the 
smaller  the  grain  size.  This  observation  may  be  interpreted  by  the  increased  numbn  of 
secondary  nucleadons  at  increased  methane  concentration.  When  the  methane  concentration 
exceeds  a  certain  threshold,  crystallinity  vanishes  and  only  cauliflower-type  balls  are 
produced. 

(3)  It  has  been  found  that  the  substrate  temperature  affects  the  morphology  and  the 
direction  of  growth  of  crystals  and  films.  At  low  temperature,  the  growth  surface  is 
dominated  by  (1 1 1)  planes  while  at  high  temperature  by  (100)  planes. 

(4)  The  non-uniformity  of  the  thermal  plasma  jets  results  in  uneven  deposition  of  the 
diamond  films  across  the  substrate.  The  growth  rate  in  the  center  portion  is  five  times 
higher  than  the  growth  rate  in  the  fiinges.  The  quality  of  the  films  also  varies.  The  film  in 
the  center  is  well  faceted,  but  the  film  close  to  the  fiinges  shows  ball-like  features. 

(5)  The  process  pressuri  has  been  found  to  affect  the  growth  rate  of  diamond  films. 
For  the  TTPR  the  optimum  pressure  is  about  270  torr  at  a  substrate  temperature  of  1,000 
°C.  Above  or  below  that  pressure,  the  deposition  rates  decrease. 
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Fig.  6:  Diamond  Films  Deposited  with  Different  CH4/H2  Ratios: 
(a)  3.5  %;  (b)  5  %;  (c)  6.5  %;  and  (d)  10  %. 
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Abstract 


by  -  .  - 

plasma  jet  operating  at  atmospheric  pressure.  The  precurson  used  include 
(a)  alcohols,  (b)  ketones,  (c)  halogenated  compounds,  and  (d)  aromatic 
compounds.  High  deposition  rates  of  up  to  1  mni/hour  have  bMn  observed 
with  acetone  and  ethyl  alcohol.  X-ray  mffiracdon  results  show  that  diamond 
is  the  only  crystalline  phase  present  in  the  deposit.  Scanning  electron 
microscopy  reveals  that  the  diamond  films  made  from  all  previously 
mentioned  compounds  ate  well  faceted.  Raman  spectroscopy  has  confirmed 
the  phase  purity  of  the  diamond  films. 


High  rate  deposition  of  polycrystalline  diamond  Hlms  has  been  achieved 
spraying  various  liquid  cairon-containing  precursors  against  a  thermal 


Introduction 


The  many  potential  applications  for  diamond  films  continue  to  attract  new  develqnnents 
of  deposition  processes.  The  majority  of  the  diamond  Him  deposition  processes  being 
further  developed  are  reduced  pressure  plasma  assisted  CVD  processes  (1  -  3).  However, 
for  qiplications  requiring  high  growth  rates,  thermal  plasma  CVD  processes  oHer  distinct 
advanta^s:  high  dissociation  rates  of  the  carbtm  containing  deposition  precursor  species  in 
conjunction  with  a  high  generation  rate  of  atomic  hydrogen  which  can  lead  to  an  abundance 
of  the  species  which  are  thought  to  be  crucial  for  the  diamond  deposition  process,  and, 
therefore,  for  high  growth  rates. 

Both  DC  thermal  plasmas  and  RF  induction  plasmas  have  been  used  for  high  rate 
deposition  of  diamond  films  (4  -  9),  and  growth  rates  of  up  to  930  pm/hour  have  been 
reported  (S).  Because  of  the  high  energy  density  in  thermal  plasmas,  a  large  variety  of 
cuiion  containing  precursors  can  be  us^  for  the  deposition  processes.  Various  organic 
liquid  piecunors  have  been  used  successfully  for  the  deposition  of  diamond  films  (10, 1 1), 
and  generally  higher  ^wth  rates  have  been  observed  with  these  precursors  (12  -  IS) 
compared  to  deposition  from  hydrocarbon  precursors.  In  most  cases,  these  liquid 
compounds  have  been  introduced  into  the  deposition  reactor  in  vapor  form. 

We  report  initial  results  of  a  systematic  study  of  thermal  plasma  CVD  of  diamond  with 
a  variety  of  liquid  precursors  which  have  been  injected  into  the  plasma  jet  as  an  atomized 
liquid  spray. 


115 


Experimental  Setup  and  Conditions 

The  DC  plasma  jet  reactor  used  for  these  experiments  is  schematically  illustrated  in  Fig. 
1.  The  liquid  precursor  is  fed  into  the  plasma  by  a  precision  metered  liquid  pump  connected 
to  a  water  cooled  stainless  steel  injection  tube.  A  hydrogen  sheath  gas  is  us^  to  atomize  the 
liquid  jet  at  the  exit  of  the  injection  nozzle.  The  atomiz^  mist  is  sprayed  against  the  plasma 
jet  emanating  from  the  plasma  torch.  The  substrate  (with  a  hole  in  the  center  to  permit  the 
penetration  of  the  precursor  jet)  is  located  about  3  -  5  cm  from  the  exit  of  the  nozzle  of  the 

ftlosma  torch,  llie  substrate  temperature  is  monitored  with  a  two  color  pyrometer.  Table  1 
ists  typical  experimental  conditions.  All  experiments  have  been  perfott^  at  atmospheric 
pressure.  In  the  experiments  with  halogen  organic  precursors,  a  wet  scrubber  is  used  for 
neutralizing  the  hydrogen  chloride  (HCl)  which  is  a  by-product  of  the  process. 


Plasma  torch; 


power:  16  kW  (4(X)  amps  and  40  volts) 
Ar  flow  rate:  24  //min 


H2  flow  rate;  1.2  //min 

Pressure:  760  torr 

Atomizing  gas:  H2  flow  rate:  1 8  //min 

PrecuRors  flow  rate:  0.5  to  3.0  m//min  (depending  on  precursors) 

Substrate:  nnolybdenum  and  tungsten 

Substrate  temperature:  - 1 ,000  °C 

Deposition  time;  10  to  60  minutes 


Table  1:  Experimental  Conditions 

The  advantages  of  this  counter-flow  type  arrangement  for  materials  processing  have 
been  reported  by  Paik  el  al  (16).  It  has  been  found  that  the  high  energy  content  of  thermal 
plasmas,  excellent  mixing  of  the  two  jets,  and  favorable  flow  patterns  enable  a  long 
residence  time  of  the  precursor  mist  in  this  novel  counter-flow  thermal  plasma  reactor. 

A  number  of  organic  liquid  precursors  have  been  used  to  synthesize  diamonds.  These 
organics  can  be  classified  into  four  groups  and  are  listed  in  Table  2.  The  flow  rates  of  the 
liquid  organics  are  between  0.5  to  3.0  m//min.  The  flow  rates  for  four  compounds  have 
been  converted  into  equivalent  carbon  input  in  terms  of  methane  to  hydrogen  volumetric 
ratio  for  a  constant  hyiogen  flow  rate.  The  results  are  shown  in  Fig.  2. 

Results  and  Discussion 

The  diamond  films  have  been  analyzed  routinely  using  scanning  electron  microscopy, 
and  selected  films  have  been  additionally  analyzed  using  X-ray  diffraction  and  Raman 
spectroscopy.  Figures  3, 4,  and  5  show  representative  micrographs  demonstrating  specific 
features  of  this  deposition  process.  Figure  6  shows  an  X-ray  diffraction  pattern  indicating 
the  match  of  the  observed  lines  with  the  ASTM  XRD  standard  for  diamond.  Figure  7 
shows  a  Raman  spectrum  indicating  complete  sp^  bonding  which  is  the  diamond  structure. 
No  graphitic  or  amoiphous  structures  are  detected  in  the  Raman  spectrum.  However,  the 
fluorescence  background  is  high  at  higher  energies.  From  the  SEM  micrographs,  the 
following  observations  are  made: 
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Chemical  Groups 

Liquid  Precursors 

Chemical  Formulas 

Density  (g/tnl) 

alcohols 

methanol 

CH3OH 

0.793 

ethanol 

CH3CH2OH 

0.789 

1 -propanol 

CH3CH2CH2OH 

0.804 

isopropyl  alcohol 

(CH3)2CH0H 

0.785 

1 -butanol 

CH3(CH2)30H 

0.810 

ketones 

acetone 

CH3  CO  CH3 

0.786 

methyl  ethyl  ketone 

CH3CH2COCH3 

0.805 

halogen  compounds 

dichloiomethane 

CH2CI2 

1.325 

chloroform 

CHCI3 

1.492 

carbon  tetrachloride 

(Xu 

1.595 

aromatic  compound 

benzene 

C6H6 

0.879 

other  compound 

cyclohexane 

C6H12 

0.775 

Table  2:  Liquid  Precursors  Used  for  Diamond  Synthesis 

(1)  Diamond  films  with  clear  facets  have  been  obtained  with  all  liquid  organic  precursors 
which  have  been  used.  There  has  been  no  conclusive  evidence  about  differences  in 
morphology  with  different  precursors,  although  differences  in  growth  rate  have  been 
observed. 

(2)  The  highest  growth  rates  have  been  reproducibly  observed  with  ethanol  and  acetone.  At 
present  it  is  unclear  if  the  chemical  composition  or  the  fluid  properties  are  mainly 
responsible  for  this  effect.  The  molecular  structure  may  lead  to  fragmentation  and/or 
recombination  rates  resulting  in  the  most  favorable  mixture  of  radicals,  whereas  the  fluid 
properties  may  produce  the  optimal  droplet  size  for  the  mass  transport  to  the  vicinity  of  the 
substrate. 

(3)  The  growth  rates  vary  strongly  with  radial  distance  from  the  spray  injection  tube.  Close 
to  the  injection  tube,  a  ring-shap^  region  with  the  highest  growth  rate  has  been  observed. 
During  a  one  hour  exi>eriment  using  ethanol  or  acetone,  a  typical  diamond  film  in  this 
region  consists  of  an  initial  dense  layer  100  to  500  pm  thick  from  which  individual 
columnar  crystals  grow  (see  Fig.  3)  with  very  high  growth  rales  (more  than  1  mm/hour 
have  been  observed).  This  ring  of  very  high  growth  rate  has  a  width  of  approximately  2 
mm  and  is  surrounded  by  a  region  in  which  film  growth  is  more  similar  to  Aat  observed  in 
other  thermal  plasma  vapor  deposition  experiments  (see  Fig.  4).  The  film  thickness  is 
uniform  over  a  region  of  5  to  10  mm  wide,  and  growth  rates  range  from  50  to  100 
pm/hour.  Beyond  this  region,  towards  the  edge  of  the  40  mm  diameter  substrate, 
individual  crystals  are  observed. 
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(4)  The  very  large  crystals  making  up  the  columns  in  the  high  growth  rate  region  show  a 
large  number  of  defects.  However,  occasionally,  under  conditions  of  high  carbon 
concentrations  and  at  higher  than  normal  temperature,  the  columns  are  topp^  by  very 
distinct  (100)  planes  (see  Fig.  5).  This  observation  indicates  that  under  such  conditions  the 
growth  proceeds  preferenti^ly  in  directions  other  than  <100>.  This  condition  typically 
precedes  the  formation  of  graphite  which  starts  in  the  central  portion  of  the  substrate  and 
rapidly  spreads  towards  the  substrate  fringes. 

A  qualitative  explanation  for  these  results  can  be  provided  if  the  temperature  and  flow 
profiles  in  this  reactor  are  considered.  Tlie  substrate  temperature  drops  continuously  from 
the  central  region  to  the  rim.  However,  in  the  central  re^on  we  expect  the  evapmtion  of 
the  droplets  occurring  very  close  to  the  substrate  surface,  thus  providing  the  mixture  of 
radicals  which  is  favored  for  high  growth  rates.  We  also  have  to  consider  that  in  thermal 
plasma  CVD,  the  surface  heat  fluxes  are  sufficiently  high  to  allow  a  significant  temperature 
drop  from  the  diamond  film  surface  to  the  substrate  interface  (e.g.  a  5  kW/cm^  heat  flux 
will  result  in  a  temperature  difference  in  the  order  of  1(X)  °C  for  a  1  mm  thick  diamond 
layer).  Thus  the  growth  conditions  vary  during  the  deposition  process  unless  the  deposition 
parameters  are  changed. 

Conclusion 

The  injection  of  atomized  liquid  sprays  into  a  thermal  plasma  jet  can  lead  to  high 
growth  rates  of  diamond  films.  It  is  believed  that  mass  transport  in  the  form  of  liquid 
droplets  to  a  location  very  close  to  the  substrate  surface  is  responsible  for  this  high  growth 
rate.  All  organic  precursors  have  led  to  diamond  film  growth,  however,  the  highest  film 
powth  has  been  observed  with  acetone  and  ethanol.  For  films  of  1  mm  thickness,  the 
increase  of  the  surface  temperature  during  the  deposition  process  has  to  be  considered. 
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^  Orginic  Liquid  and 
Atomizing  Gas 


Fig.  1:  Schematic  of  the 
Counter-Flow  Liquid 
Injection  Thermal  Plasma 
Reactor  for  Diamond 
Deposition. 
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Fig.  4:  Typical  Diamond  Film  Deposited  on  Molybdenum: 
(a)  Top  View,  and  (b)  Cross  Sectional  View. 


Fig,  5:  Diamond  Deposited  on  Tungsten  from  Carbon  Tetrachloride. 
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Fig.  6:  X-Ray  Diffraction  Pattern  of  a  Diamond  Film  Made  from  Methanol. 


0000  5500  5400  5300 

WAVELENGTH  (A) 

Fig.  7:  Raman  Spectrum  of  a  Diamond  Film  Made  from  Methanol. 
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PART  II:  GROWTH  MECHANISMS 


Nacleation  and  Growth  Processes  in  Chemical  Vapor 
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ABSTRACT 

Diamond  nucleation  was  enhanced  by  the  addition  of  powdered  graphite 
and  non-volatile  graphite-like  compounds  to  silicon  substrates.  In 
addition,  preferential  nucleation  of  diamond  was  found  along  the  edges 
of  the  basal  planes  of  highly  oriented  pyrolytic  graphite.  The  (1111 
diamond  planes  appear  to  be  approximately  pardlel  with  the  (0001) 
graphite  basal  plane.  Computer  simulation  confirms  the  enhanced 
growth  rate  of  multiply-twinned  nuclei  compared  to  un-twinned  nuclei. 
The  five-  and  twenty-fold  twinned  diamond  crystals  can  arise  from  the 
intersection  of  two  and  three  stacking  errors  on  non-parallel  (111) 
planes.  Molecular  orbital  studies  confirm  that  atomic  hydrogen  can 
hydrogenate  aromatic  molecules  and  the  edges  of  graphite  planes.  The 
results  are  consistent  with  a  nucleation  mechanism  in  which  high 
molecular  weight  aromatic  or  uaphitic  precursors  are  hydrogenated  to 
saturated  ring  compounds.  The  multiply-twinned,  e.g.,  roat-boat 
conformers,  which  can  rapidly  add  carbon  atoms,  ate  the  most  likely 
immediate  precursor  to  diamond  formation. 


INTRODUCTION 

It  is  now  well  established  that  diamond  can  nucleate  from  the  vapor  phase 
without  the  presence  of  a  pre-existing  seed  crystal.  The  de-novo  nucleation  of  a 
metastable  phase  in  such  a  harsh  growth  environment  is  not  easy  to  explain.  It  is 
also  well  known  that  scratching  the  substrate  prior  to  deposition  greatly  enhances 
nucleation  rates.  This  enhancement  is  greatest  if  diamond  powder  is  used,  but 
other  abrasives  enhance  nucleation,  although  to  a  lesser  extent. 

The  mechanism  by  which  snatching  enhances  nucleation  rates  is  not 
understood  in  detail.  Several  effects  may  m  operating,  simultaneously.  These 
include;  1)  diamond  detritus  left  on  the  surface,  ^  pyrolysis  of  adsorbed 
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hydrocarbons  to  high  molecular  weight,  non-volatile  graphitic  structures,  3) 
formation  of  convex  edges  and  comers  to  which  mass  transfer  from  the  gas  phase 
is  more  rapid,  4)  formation  of  defects,  e.g.,  dislocations,  at  which  nudeation  is 
enhanced.  One  might  even  advance  the  hypothesis  that  extreme  local 
temperatures  and  pressures  obtained  durii^;  scratching  transform  adsorbed 
hydrocarbons  into  very  small  diamond  crystallites. 

Matsumoto  and  Matsui  proposed  a  series  of  hydrocarbon  cage  compounds  as 
the  diamond  precursors  (1).  These  induded  adamantane,  tetracydo-^odecane 
and  hexacyclopentadecane.  Badsiag  et  al.  showed  that  very  small  hydrogen 
terminated  diamonds,  less  than  3  nm  in  diameter,  are  stable  with  respect  to 
mphitic  nudei  of  the  same  size  (2^.  This  implies  that  diamond  nudeation  in 
hydrogen-rich  environments  may,  in  fact,  be  thermodynamically  favored  over 
nudeation  of  polyaromatic  hydrocarbons. 

A  dass  of  compounds  has  been  proposed  by  one  of  the  investigators  (JCA) 
as  possible  precursors  to  diamond  nudeation.  These  are  the  multiply  twinned, 
fully  saturated  polycydic  hydrocarbons.  The  simplest  example  is  boat-boat 
bicydodecane.  It  was  proposed  that  these  and  related  molecules  are  formed  by 
the  hydrogenation  of  unsaturated  graphit^ke  deposits  in  the  atomic-hydrogen 
rich  environment  (3,4).  A  certain  fraction  of  the  hydrogenated  polycyclic 
compounds  will  have  the  multiply  twinned  structure  that  promotes  rapid  growth 
of  the  nudeus.  The  compounds  that  are  more  dosdy  related  structurally  to 
diamond,  e.g.,  adamantane  and  its  derivatives,  would  not  be  expected  to  be 
efSdent  nudeation  promoters  because  they  have  no  easy  sites  for  atom  addition. 
The  multiply  twinned  precursors,  on  the  other  hand,  have  re-entrant  surfaces 
which  are  continualljr  renewed  as  growth  proceeds.  These  reentrant  surfaces 
provide  an  effident  point  for  nudeation  of  new  {111}  layers.  The  structures  of  the 
proposed  precursors  are  shown  in  Figure  1. 


NUCLEATION  EXPERIMENTS 

To  test  the  hypothesis  that  graphitic-like  structures  are  precursors  to 
diamond  nudeation  a  series  of  seeding  experiments  were  performed.  In  these 
experiments  a  spedfic  molecule  or  seed  material  is  added  to  the  substrate  surface 
before  the  deposition  takes  place.  The  nudeation  density  is  determined  by 
scanning  electron  microscopy..  The  results,  which  are  summarized  in  Table  1,  are 
still  somewhat  preliminary  in  nature,  but  do  provide  insights  into  the  nature  of 
diamond  nudeation. 

Experimental  Procedure 

The  diamond  nudeation  experiments  were  conducted  in  what  are  now 
considered  conventional  hot-filament  diamond  deposition  reactors.  The  reactor 
at  the  MIT  Lincoln  Laboratory  utilized  tantalum  filaments,  while  the  CWRU 
reactor  employed  tungsten  filaments.  In  the  latter  reactor  a  shutter  and  a 
rotating,  translatable  substrate  holder  were  employed  to  provide  reprodudbility 
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and  uniformity  of  deposition  conditions. 

The  filament  was  first  turned  on  (~  2000*  C)  in  flowing  H2  (100  seem  at  20 
Torr)  with  the  shutter  positioned  between  the  tungsten  filaments  and  substrate. 
After  15  minutes  the  GH4  flow  (0.5  seem)  was  started.  After  another  10  minutes 
the  shutter  was  removed  and  the  substrate  moved  to  within  0.8  cm  of  the 
filaments.  This  procedure  insured  that  adsorbed  contamination  from  the 
filaments  did  not  reach  the  substrate  during  startHip.  It  also  provided  a 
reproducible,  carburized  filament  surface  for  each  run.  Total  run  time  after 
removal  of  the  shutter  was  7  hours.  The  estimated  surface  temperature  of  the 
substrate  was  830*0.  The  rotation  speed  of  the  substrate  was  1/3  rpm 
throughout  the  deposition. 

All  substrates  were  undoped  (100)  Si  wafers.  Before  addition  of  seeding 
agents,  the  wafers  were  given  a  standard  RCA  cleaning.  Except  for  one  control 
sample,  the  wafers  were  not  scratched  or  polished  with  diamond. 

The  nucleation  densities  were  determined  using  a  scanning  electron 
microscope.  A  representative  area  was  examined  and  diamond  crystals  manually 
counted.  Only  faceted  crystals  of  approximately  1.0  /in  in  maximum  linear 
dimension  were  counted.  This  procedure  gives  only  a  relative  nucleation  density 
since  sub-micron  particles  were  excluded. 

Seeding  Experiments 

Several  species  were  found  to  have  a  positive  effect  on  nucleation  density. 
This  effect  appears  to  arise  from  several  factors  including  chemical  structure  and 
relative  volatility.  The  ability  to  form  bonds  with  the  substrate  to  reduce 
volatility  may  also  play  a  role. 

Graphite  powder  and  graphite^eiated  compounds,  i.e.,  3,4,9,10  perylene 
tetracarboxylic  add  di-anhydride  (PTCDA),  enhanced  nucleation  rates.  The 
perylene  derivative  contains  five  condensed  aromatic  rings,  and  may  be  thought  of 
a-  a  partially  oxidized  fragment  of  a  graphite  sheet. 

The  PTCDA  enhanced  nudeation  when  it  was  physically  spread  on  the 
surface  as  a  powder.  A  neater  and  more  uniform  nucleation  density  was  achieved 
when  the  perylene  was  mssolved  in  tetra  methyl  ammonium  hydroxide  (TMAH), 
a  standard  etching  solution  for  silicon.  The  wafer  was  soaked  overnight  in  the 
PTCDA/TMAH  solution  at  room  temperature.  The  wafer  was  removed  from  the 
solution,  rinsed  lightly  with  methanol  and  placed  in  the  deposition  system.  The 
graphite  flakes  were  dispersed  in  isopropanol  and  the  wafer  coated  with  the 
resulting  slurry.  The  isopropanol  was  allowed  to  dry  and  the  wafer  placed  in  the 
deposition  system. 

It  is  not  possible  to  unambiguously  separate  out  all  of  the  effects  taking 
place  during  these  seeding  experiments.  For  example,  the  TMAH  solution  alone 
proved  to  be  an  effective  seeding  agent.  We  speculate  that  this  effect  may  arise 
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from  Si-G  or  Si-O-G  bonds  formed  between  the  TMAH  and  the  silicon  substrate. 
The  bound  TMAH  remains  on  the  surface  long  enough  to  undergo  graphitization 
and  subsequent  hydrogenation. 

Several  experiments  were  performed  to  determine  whether  the  enhanced 
nucleation  density  was  simply  caused  by  an  increased  supply  of  carbon  on  the 
surface,  or  whether  the  seed  materials  were  acting  as  true  nucleation  agents.  In 
one  experiment  part  of  the  wider  was  covered  with  graphite  particles  and  the 
other  part  was  not.  A  very  sharp  demarcation  line  between  the  region  of  high 
nucleation  density  and  the  unseeded  r^on  was  observed  after  the  run.  Tms 
result  is  suggestive  that  the  graphite  flakes  are  acting  as  true  nuclei.  If  the 
graphite  pamcles  were  acting  soMy  as  an  additional  source  of  carbon,  the  rapid 
gas  phase  transport  of  carbon  containing  species  would  have  caused  greater 
nucleation  in  the  unseeded  area. 

A  further  test  was  obtained  by  measuring  the  relative  orientations  of  the 
graphite  flakes  and  the  diamonds  that  grew  on  them.  Graphite  flakes  were 
disMrsed  in  acetone  and  spun  onto  a  silicon  substrate  at  3000  rpm.  This  provided 
a  thin  coating  of  HOPG  flakes  that  were  preferentially  oriented  with  their  basal 
planes  parallel  to  the  substrate  surface.  The  orientation  of  the  flakes  before 
deposition  and  the  orientation  of  the  diamond  crystals  after  deposition  were 
determined  by  x-ray  difiraction.  The  distribution  of  intensities  is  shown  in 
Figure  2.  The  (111)  planes  of  the  diamond  crystals  are  preferentially  oriented  in 
the  same  plane  as  the  (0001)  basal  planes  of  the  graphite  flakes.  This  suggests 
that  the  graphite  is  serving  as  a  true  nucleation  seed  and  not  just  as  an  additional 
source  of  carbon. 

Depositions  were  also  performed  on  large  pieces  of  highly  oriented  pyrolytic 
graphite  (HOPG).  Greatly  enhanced  nucleation  densities  were  found  along  the 
edges  of  the  basal  planes. 

A  series  of  experiments  were  also  conducted  using  the  diamondlike 
hydrocarbons  as  (a-C:H)  seed  materials.  The  diamonds  grown  using  the 
diamondlike  films  as  seeds  showed  a  ball-like  morphology  with  very  poorly 
developed  faceting  and  a  weak  Raman  signal  for  diamond.  On  the  other  hand,  the 
diamonds  grown  under  the  same  conditions  using  graphite  as  the  seed  were  well 
faceted  and  had  a  sharp,  Raman  line  at  1332  cm'>.  It  is  surprising  that  the 
diamond  crystals  are  still  influenced  so  strongly  by  the  original  substrate  after 
growing  to  micrometer-size  dimensions. 

One  particularly  interesting  seed  is  buckminster  fullerene,  Cgo.  These 
spherical  molecules  present  no  edges  for  attack  by  atomic  hydrogen  and  therefore 
would  be  expected  to  be  less  susceptible  to  hydrogenation  and  thus  less  likely  to 
serve  as  precursors  for  diamond  nucleation.  No  enhancement  in  nucleation 
density  was  found  when  Cgo  was  used  as  the  seed. 

It  was  also  observed  that  the  nucleation  density  was  the  highest  along  the 
convex  comers  of  etched  grooves  on  silicon  substrates.  We  interpret  this  dflect  as 
resulting  from  an  enhan(^  carbon  concentration  on  the  exposed,  convex  corner 
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TABLE  1.  Nucleation  Densities 


SUBSTRATE 

NUCLEATION 

DESCRIPTION 

DENSITY,  CM-> 

Untreated  (100)  Si  wafer 

8,500 

Untreated  (100)  Si  wafer 

14,500 

Diamondlike  film  (a-C:H) 

4,700 

Graphite  powder 

120,000 

Highlv  oriented  p^olytic 
graphite  (near  edge) 

220,000 

3,4,9,10  perylene  tetra- 
carboxylic  add  dianhydride 

83,000 

Buckminster  fullerene 

14,000 

Scratched  with  diamond  powder 

continuous  film 

because  of  the  enhanced  mass  transfer  of  carbon  from  the  gas  phase.  These  sites 
would  first  become  supersaturated  with  carbon  and  hence  would  first  provide 
graphitic  precursors  which  could  be  hydrogenated  by  the  atomic  hydrogen. 

Atomic  Force  and  Scanning  Electron  Microscopy 

In  some  cases  small  hexagonally  shaped  platelets  were  observed  using 
scanning  electron  microscopy.  Several  of  these,  along  with  their  Raman 
spectrum,  are  shown  in  Figure  3.  Similar  hexagonally  shaped  platelets  have  been 
observed  by  Tamor  using  scanning  tunneling  microscopy  (5). 

The  mor: '  ology  of  diamond  crystals  was  also  studied  by  atomic  force 
microscopy  f  AFM).  An  example  of  a  hexagonal  platelet  is  shown  in  Figure  4a.  In 
some  cases  tne  AFM  showed  evidence  of  terraced  crystals,  which  were  much  larger 
than  other  crystals  in  the  same  region  on  the  surface.  See  Figure  4b.  The  terraced 
crystals  may  have  grown  by  a  screw  dislocation  mechanism.  However,  no  direct 
observation  of  the  presence  of  a  screw  dislocation  by  high  resolution  transmission 
electron  microscopy  was  attempted. 

We  speculate  that  the  hexagonally  shaped  platelets  arise  from  the  growth  of 
nuclei  with  two  (or  more)  parallel  twin  planes.  A  computer  model  of  this  type  of 
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crystal  is  shown  in  the  next  section. 


MODELLING  STUDIES 

General  Description  of  Computer  Program 

We  compare  the  observed  morpholones  of  diamond  crystals  grown  in  the 
laboratory  to  the  morphologies  of  crystals  "grown"  on  the  computer  with  known 
stacking  errors.  Correlation  of  experimentally  observed  morphologies  with 
morphmogies  obtained  with  known  atom  addition  rules  on  the  computer  can  give 
important  clues  about  nucleation  and  growth  mechanisms. 

All  carbon  atoms  are  assumed  to  have  tetrahedral,  spS,  coordination.  An 
ad-atom  bonded  once  to  the  surface  has  limited  rotation^  freedom  about  the 
bond  axis,  i.e.,  its  orientation  can  be  either  staggered  or  eclipsed.  These  two 
orientations  correspond  respectively  to  chair  or  boat  six-membered  rings.  The 
eclipsed  orientation  (boat  conformation)  is  a  stacking  error  in  the  diamond-cubic 
lattice.  The  relative  probabilities  of  the  staggered  and  eclipsed  orientations  can 
be  fixed  by  the  program  user.  Also,  if  desire^stacking  errors  at  specific  points  in 
the  precursor  nucleus  can  be  introduced. 

The  program  makes  provision  for  atom  removal  as  well  as  atom  addition. 
The  relative  overall  probability  of  atom  removal  can  be  adjusted  so  that  it  is  less 
than,  equal  to,  or  greater  than  the  probability  of  atom  addition.  These  three 
conditions  correspond  to  growth,  equilibrium  and  evaporation  of  the  crystallites. 

A  basic  assumption  of  the  modelling  is  that  the  atom  addition  and  removal 
events  occur  randomy  on  the  crystal  surface  according  to  a  Poisson  process. 
Multiple  atom  events  are  not  normally  allowed.  It  is  possible,  however,  to 
provide  for  simultaneous  two-atom  addition  events.  This  is  necessary,  for 
example,  to  simulate  acetylene  addition  at  step  sites. 

Several  complex  affects  can  arise  from  the  interaction  of  stacking  errors. 
For  example,  some  atoms  that  are  not  fully  bonded  to  four  other  carbon  atoms, 
will  be  buried  in  the  crystal  as  the  simulation  proceeds.  These  buried  free  bonds 
must  be  automatically  removed  from  the  table  which  contains  the  free  surface 
bonds.  Also,  intersections  of  growth  fronts  arising  from  different  stacking  errors 
will  sometimes  lead  to  bond  distances  and  bond  angles  that  are  "dose"  but  not 
equal  to  the  single  carbon-carbon  bond  parameters.  In  this  case,  the  program 
permits  a  bond  to  be  formed  if  the  bond  length  and  bond  angles  are  witmn  a 
pre-set  range  of  values.  The  most  common  situation  when  this  occurs  is  the 
formation  offive-nembered  rings. 

Modelling  Results 

Simulations  were  performed  using  several  twinned  and  un-tmnned 
molecules  as  starting  nudei  and  various  probabilities  for  stacking  errors  and  for 
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relative  atom  addition  and  removal  rates.  A  general  discussion  of  the  method  will 
be  given  elsewhere  (6).  Here  we  describe  some  results  of  relevance  to  the  present 
experimental  studies. 

Flat,  hexagonally  shaped  crystals  arise  naturally  from  nuclei  with  two 
parallel  stacking  errors,  e.g.,  the  boat-boat  bicyclodecanes  shown  in  Figure  la  and 
lb.  A  computer-g|rown  crystal  arising  from  this  nucleus  is  shown  in  Figure  6. 
The  crystal  shown  in  Fime  6  is,  in  fact,  a  thin  crystal  of  Lonsdaldte  (hexagonal 
diamond)  with  the  ABA  .  .  .  stacking  sequence  clearly  visible.  Also  visible  are 
several  adatoms  starting  the  next  layers  on  the  large  exposed  crystal  faces.  These 
adatoms  have  the  stauered  orientation  and  will  give  rise  to  a  new  layer  of  the 
correct  cubic  diamond  stacking.  The  probability  of  nucleating  a  new  layer  will 
increase  as  the  area  of  the  hexagonal  platelet  increases.  The  net  result,  after  much 
longer  simulations  will  be  a  crystallite  of  hexagonal  shape  but,  apart  for  the  initial 
few  layers,  of  the  diamond  cubic  structure. 

The  rapid  lateral  growth  of  the  original  bicvclodecane  nucleus  into  a 
hexagonal  platelet  arises  because  of  the  relative  probabilities  chosen  for  atom 
addition  and  removal.  In  this  simulation,  after  chosing  a  surface  site,  the  ratio  of 
the  probability  for  removal  of  a  single  bonded  carbon  atom  to  the  probability  of 
addition  of  a  carbon  atom  to  the  surface  site  was  496/4.  Also,  atoms  that  are 
bonded  only  once  to  the  surface  had  a  much  higher  probability  for  removal  than 
atoms  that  are  bonded  twice  to  the  surface.  Along  the  re-entrant  surface  defined 
by  the  two  parallel  stacking  errors,  only  two  atoms  are  required  to  form  a  stable 
structure.  This  is  shown  graphically  in  Figures  la  and  lb,  where  the  first  two 
adatoms  are  shown.  On  a  smooth  (111)  surface  or  on  the  basal  plane  of  the 
hexagonal  crystal,  however,  the  stable  nucleus  is  a  three  atom  bridge.  The 
probability  of  finding  two  carbon  atoms  adjacent  to  each  other  is  much  larger 
than  the  three  carbon  atom  process  and,  hence,  the  platelet  will  grow  more 
rapidly  within  the  plane  of  the  stacking  errors  than  normal  to  the  plane. 

The  relative  growth  rates  of  computer  grown  crystals  starting  from 
boat-boat  bicyclodecane,  boat-boat-boat  tricyclotetradecane  and  chair-chair 

Sclodecane  (which  has  no  stacking  errors)  are  shown  in  Table  2.  A  dramatic 
irence  in  growth  rates  of  the  twinned  and  un-twinned  nuclei  is  evident. 

Simulation  runs  were  also  performed  with  starting  nucld  having  forced 
stacking  errors  on  non-parallel  (111)  planes.  Growth  from  the  doubly-twinned 
nucleus  shown  in  Figure  Ic  nves  rise  to  a  decahedral  crystal  with  apparent 
five-fold  symmetry.  The  resulting  computer-grown  crystal  is  shown  in  Figure  6. 
The  five-member  rings  at  the  center  of  the  crystal  closed  according  to  the  ^owed 
bond-4ength  and  bond-angle  ranges  specified  initially.  Closure  of  the  bonds  was 
not  achieved  further  from  the  center  and  the  growth  of  a  grain  boundary  between 
two  of  the  five  sectors  of  the  crystal  is  starting. 

If  a  crystal  is  grown  on  the  computer  from  a  nucleus  with  three  non-parallel 
twin  planes,  an  icosahedral  crystal  with  twenty  intersecting  twin  planes  is 
generated.  A  partially  grown  icosahedral  crystal  grown  from  such  a  nucleus  is 
shown  in  Figure  6c. 
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TABLE  2.  Growth  Rate  Simulations 


PRECURSOR 

N+ 

N- 

AN 

RELATIVE  GROWTH  RATES 

Two  boats* 

19,558 

18,558 

1,000 

1.0 

Three  boats^ 

12,823 

11,823 

1,000 

1.457 

Two  chairs<= 

7,000 

6,980 

20 

<0.01 

N+  s  Number  of  atom  additions 
N-  s  Number  of  atom  removals 
AN  a  Net  atom  additions 

Note:  After  choice  of  surface  site,  the  ratio  of  probabilities  of  removal  of  single 
bonded  atom  to  acldition  of  an  atom  is  496/4. 

a)  boat-boat  bicyclodecane(CtoHii) 

b)  boat-boat-boat  tricyclotetradecane  (Ci4H24) 

c)  chair-chair  bicyclodecane(CtoH  is) 


The  formation  of  tie  complex  central  cores  of  the  five-fold  and  twenty-fold 
twinned  crystals  often  seen  in  vapor-grown  diamond  arises  naturally  during 
growth  fi:om  the  sequential  occurrence  of  two  and  three  stacking  errors 
respectively.  These  stacking  errors  are  propogated  by  layer  growth  and  the 
complex  central  core  is  formed  where  they  intersect.  This  sequential  process 
appears  far  more  likely  than  the  spontaneous  generation  of  the  centr^  core 
structure  from  the  reactign  mixture. 


MOLECULAR  ORBITAL  STUDIES 

The  mecaanism  proposed  above  for  diamond  nucleation  involves  the 
hydrogenation  of  graphitic  materials  to  saturated  polycyclic  ring  compounds.  Gill 
et  al.  (7)  investigated  the  reaction  of  atomic  hydrogen  produced  at  a  hot  tungsten 
filament  with  graphite,  lamp  black  and  diamond  at  77  K.  Gaseous  carbon  species 
(Cl  to  C4)  were  produced  and  an  unidentified  higher  molecular  weight  compound 
was  formM  from  graphite.  Furthermore,  graphite  was  found  to  be  more  reactive 
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with  atomic  hydrogen  than  diamond.  %e  studied  the  reaction  of  atomic 
hydrogen  with  carbon  film  held  ai  340*  C  and  identified  a  number  of  ring 
compounds  including  cyclohexane,  though  methane  was  the  major  gaseous 
hydrocarbon  product  (8). 

Using  the  extended  Hilckel  method  and  a  rigid  cluster  model  for  the 
graphite  sheet,  Chen  and  Yang  investigaUd  the  adsorption  of  a  single  H  atom  to 

the  basal  plane  and  the  (lOlO)  and  (llSO)  e'dges  of  graphite  (9).  Thev  concluded 
that  only  the  edge  planes  can  adsorb  hydrogen.  Sul:sequently,  Pan  and  Yang  used 
the  same  theoretical  technique  and  proposed  a  ..aechanism  for  methane  formation 

from  the  reaction  between  atomic  hydrogen  aid  the  (11?0)  edge  face  (10).  Other 
theoretical  investigations  for  H  atom  interaction  witn  naphite  are  limited  to  the 
basal  plane  of  naphite  (11,12).  All  of  these  stumes  were  done  from  the 
perspective  of  understanding  graphite  etching. 

In  the  present  work,  we  have  investigated  the  structures  and  stabilities  for 
the  sequentiid  addition  of  atomic  hydrogen  to  benzene,  naphthalene,  and  perylene 
molecules  to  form  the  corresponding  saturated  ring  systems.  The  semiempirical 
atom  superposition  and  electron  delocalization  molecular  orbital  (ASED-MO) 
technique  has  been  used  for  all  calculations.  Some  preliminary  results  for  the 
chemisorption  of  atomic  hydrogen  to  the  edges  and  corners  of  a  graphite  sheet  are 
also  presented.  The  C  and  fl  parameters  used  in  the  calculations  are  the  same  as 
used  earlier  (13,14). 

Addition  of  H  Atoms  to  Benzene.  Naphthalene,  and  Pervlene 

Various  configurations  for  the  sequential  addition  of  H  atoms  to  benzene  are 
investigated  with  full  structure  optimizations.  The  binding  eneirgies  are  given  in 
Table  3,  and  structures  are  shown  in  Fig.  7.  It  may  be  seen  that  the  first,  third, 
and  fifth  H  addition  is  relatively  weak  compared  with  the  second,  fourth,  and 
sixth  H  addition.  This  is  due  to  the  formation  of  a  destabilized  radical  orbital  for 
the  odd-electron  systems  as  shown  in  Fig.  8.  The  average  binding  energy  per  H 
for  complete  hydrogenation  is  4.40  eV.  Our  calculated  energy  difference  between 
the  chair  and  boat  conformers  is  6.2  kcal/mole,  with  the  chair  form  more  stable 
than  the  boat  form.  This  compares  ww  with  the  literature  estimate  of  5-6 
kcal/mole. 

The  sequential  addition  of  H  atoms  to  naphthalene  molecule  is  essentially 
similar  to  the  benzene  hydrogenation,  except  that  the  H  chemisorption 
commences  from  the  outer  C  atoms  and  proceeds  inwards,  until  fully  saturated 
bicyclodecane  is  formed.  The  average  binding  energy  per  H  atom  on  going  from 
naphthalene  to  the  fully  saturated  bicyclodecane  is  4.41  eV  which  is  the  same  as 
for  the  benzene  hydrogenation.  The  structures  and  relative  energies  for  various 
conformers  of  bicyclodecane  are  in  Table  4.  The  chair-chair  bicyclodecane  is 
calculated  to  be  more  stable  by  10.8  kcal/mole  compared  with  the  cis  boat-boat 
form  which  in  turn  is  more  stable  than  the  trans  boat-boat  form  by  about 
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TABLE  3.  Sequential  Binding  Ene^es,  BE(eV),  for  H  Additions  to 
Bensene,  i.e.,  Hn/CeHe  (n  =  l-d). 


Configuration 

BE(eV) 

IstH 

— 

2.80 

2ndH 

1,2 

5.21 

1,3 

2.66 

1,4 

5.15 

3rdH 

1,2,3 

3.68 

1,2,4 

2.93 

4th  H 

1.2,3,4 

5.46 

1, 2,4,5 

1.88 

5th  H 

1,2,3,4,5 

3.25 

6th  H 

chair 

5.99 

boat 

5.72 

2.4  kcal/mole.  The  energy  difference  between  the  chair  and  boat  forms  of 
bicTClodecane  is  approximately  twice  that  for  the  cyclohexane.  This  suggests  that 
each  saturated  ring  contributes  about  5  to  6  kcal/mole  to  the  ener^  difference 
between  the  chair  and  boat  conformers.  Thus,  based  on  these  results,  multiple 
ring  saturated  systems  are  expected  to  be  more  stable  in  the  all-chair 
configuration  than  any  combination  of  chairs  and  boats. 

Next  we  consider  the  hydrogenation  of  perylene  with  atomic  hydrogen. 
This  molecule  (Fi^.  9)  may  imagined  as  two  naphthalene  molecules  fused 
together  at  1,8  positions  with  the  diminution  of  4  H  atoms  and  the  formation  of 
two  CC  bonds.  Hydrogen  atom  additions  to  this  molecule  were  carried  out  in  two 
steps.  In  the  first  step,  10  H  atoms  were  added  to  a  naphthalene  fragment 
comprising  half  of  the  molecule  while  retaining  the  rigid  planar  structure  mr  the 
other  half  All  bond  lengths  and  angles  for  the  hydrogenated  half  were  fully 
optimized.  The  average  binding  energy  per  H  addition  for  this  step  is  4.39  eV  and 
the  favored  chair-chair  configuration  is  also  shown  in  Fig.  9.  The  ds  boat-boat 
configuration  (Fig.  9)  is  0.47  eV  less  stable.  In  the  second  step,  10  more  H  atoms 
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TABLE  4.  Calculated  CC  and  CH  Bond  Lengths  and  Relative  En&  gies  for 
Various  Bing  Isomers  of  Bicyclodecane. 


Isomer 

^ch(^^ 

E(eV) 

Chair-chair 

1.573 

1.104 

-0.573 

Cis  boat-boat 

1.583 

1.102 

-0.106 

Trans  boat-boat 

1.585 

1.102 

0.0 

were  added  to  the  planar  half  of  the  molecule  and  all  CC  and  CH  bonds  were 
reoptimized  using  tetrahedral  angles.  The  fully  saturated  structure  is  shown  in 
Fig.  9.  The  calculated  average  binding  energy  per  H  for  the  second  step  is  4.41 
eV.  Thus,  the  average  CH  bond  strength  for  the  hydrogenation  of  perylene  to  the 
fully  saturated  multmle  ring  chair  confipration  is  4.40  eV,  which  is  the  same  as 
for  similar  reactions  for  benzene  and  naphthalene. 

The  above  results  for  the  reaction  of  atomic  hydrogen  with  unsaturated  ring 
systems  surest  that  the  formation  of  fully  saturated  analogues  is  favored  in  the 
atomic  hydrogen-rich  environment.  However,  the  actual  outcome  of  such 
processes  will  perhaps  be  determined  by  kinetic  factors. 

Interaction  of  H  Atoms  with  Graphite  Edges 

A  graphite  sheet  may  be  imagined  as  an  extremely  large  unsaturated 
hydrocarbon.  The  experiments  of  Rye  have  shown  that  atomic  hydrogen  reacts 
with  graphite  even  at  77  K  to  produce  a  variety  of  hydrocarbon  sjwcies  (8).  The 
mechanism  of  formation  of  such  products  is  not  known.  The  reaction  of  atomic 
hydrogen  with  graphite  is  most  likely  to  start  at  the  edges  and  corners  of  the  sheet 
since  these  carbon  atoms  possess  maximum  un-saturation  as  well  as  the  flexibility 
for  distorting  the  neighboring  CC  bonds  as  a  result  of  increased  coordination. 

Using  large  cluster  models  (see  Fig.  10)  for  the  monohydrogen  terminated 

zigzag  {lOlO}  and  armchair  {llSO}  edge  faces  for  the  graphite  sheet,  we  have 
investigated  the  bindii^  of  a  second  H  atom  to  the  outermost  C  atom  on  the  edge 
site.  The  calculated  CH  bond  strengths  are  3.74  and  3.83  eV,  respectivdy,  for  the 
zigzag  and  armchair  faces  (calculated  as  the  average  value  when  two  H  atoms 
were  simultaneously  added  to  two  neighboring  outermost  C  atoms  on  the  edges). 

Next,  we  have  investigated  the  possibility  of  saturated  ring  formation  from 
the  reaction  of  atomic  hydrogen  with  a  graphite  sheet.  On  the  zigzag  face  each 
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hexagonal  ring  is  bonded  to  five  C  atoms  of  the  basal  plane,  whereas  on  the 
armcmair  face  there  are  four  carbon  bonds  with  the  rest  of  the  sheet.  At  the  corner 
between  the  zigzag  and  armchair  faces  the  hexagonal  ring  is  bonded  to  three  C 
atoms  of  the  sheet  and  one  can  also  imagine  a  corner  ring  with  only  two  CC  bonds 
with  the  rest  of  the  sheet.  Lastly,  a  pendant  benzene  ring  bonded  to  the  graphite 
sheet  through  one  C  atom  is  possible.  Complete  hydrogenation  of  a  planar  ring 
will  lead  to  large  distortions  resulting  in  a  highly  strained  structure.  The  lesser 
the  coordination  of  a  ring  with  the  rest  of  the  basal  plane,  the  larger  will  be  the 
flexibility  of  the  ring  toward  distortion.  Thus  the  corners  are  more  likely  to  form 
fully  saturated  rings  than  the  edges.  We  have  considered  one  such  corner  for  our 
H  addition  calculations  where  the  comer  ring  is  attached  to  the  rest  of  the  sheet 
through  two  CC  bonds  (Fig.  11).  In  the  first  step  we  added  7  H  atoms  to  the 
outer  C  atoms  of  the  corner  ring.  The  structure  of  the  ring  and  its  immediate 
vicinity  was  completely  optimized.  In  the  most  stable  structure,  the  corner  ring 
assumes  the  chair  configuration  (Fig.  11).  The  average  binding  energy  per  H 
atom  is  calculated  to  k  4.38  eV,  which  is  about  the  same  as  for  benzene  or 
naphthalene  hydrogenation  processes.  Thus,  the  hexagonal  ring  bonded  through 
two  C  atoms  to  the  graphite  basal  plane  has  essenti^y  complete  flexibility  to 
distort  to  the  tetrah^ral  structure.  Next,  we  added  five  more  H  atoms  to  the 
neighboring  C  atoms  and  reoptimized  the  structure  of  the  two  corner  rings.  The 
two  comer  rings  distort  to  the  chair-chair  bicyclodecane  structure  bonded  to  the 
rest  of  the  sheet  through  three  CC  bonds  (Fig.  11).  The  average  binding  ener^ 
for  the  second  addition  of  H  atoms  is  reducra  to  3.93  eV.  The  decrease  in  the 
bond  strength  is  due  to  the  fact  that  the  second  ring  is  bonded  to  the  rest  of  the 
sheet  by  three  CC  bonds  which  leads  to  larger  strain  due  to  distortion.  Further 
addition  of  H  atoms  may  also  be  possible  but  we  have  not  considered  it  in  this 
work.  From  the  above  csdculations  we  may  conclude  that  fully  saturated  multiple 
ring  systems  can  be  formed  on  the  comers  of  a  graphite  sheet. 

We  are  presently  investigating  the  H  insertion  reactions  into  the  edge  CC 
bonds  on  the  zigzag  and  armchair  faces  of  graphite  to  devise  mechanisms  tor  the 
formation  of  Cj  and  higher  hydrocarbons. 


SUMMARY 

The  above  results  indicate  that  unsaturated  aromatic  (sp^)  compounds  and 
graphite  can  serve  as  sites  for  diamond  nucleation.  In  order  to  serve  as  a 
nudeation  site,  the  precursor  must  be  sufficiently  non-volatile  and  thermally 
stable  to  remain  in  the  reaction  environment  long  enough  to  be  hydrogenated  to 
the  saturates  (sp^)  stmctures.  In  some  cases  the  ability  of  a  seed  compound  to 
serve  as  a  nudeation  site  may  be  enhanced  by  the  formation  of  Si-C  or  Si-O-C 
bonds  with  the  surface,  which  would  reduce  volatility,  '^he  multiply  twinned  ring 
compounds,  e.g.,  boat-boat  bicyclodecane,  will  grow  most  rapidly  to  achieve 
small  stable  diamond  crystallites. 
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Figure  1.  Four  "boat-boat” 
conformers  of  bicyclodecane. 
Positions  of  first  two  ad-atoms  are 
shown  as  dashed  lines,  a]  and  b) 
conformers  with  two  parallel  twin 
planes,  c)  conformer  with  two  twin 
planes  at  angle  of  70*53',  d) 
conformer  that  leads  to  an 
incoherent  boundary. 


Figure  2.  Distribution  of  x-ray 
intensities  from  oriented  graphite 
seed  crystals  and  from  mamond 
crystals  grown  on  the  seeds.  The 
original  graphite  seeds  show  a 
strong  (0001)  texture  and  the 
diamond  crystals  show  a  strong 
(111)  texture. 


Figure  3.  Scanning  electron  miaograph  of  a  cluster  of  hexagonally 
shaped  diamond  crystals  along  with  their  associated  Raman  spectrum. 
Maximum  linear  dimension  of  the  large  platelets  is  approximately  4  im\ 
Raman  peak  at  1331.1  cm-i. 


Figure  4.  a)  Atomic  force  micrograph  of  a  single  hexagonally  shaped 
diamond  platelet.  Maximum  linear  dimension  is  approximately  30  pm; 
b)  Atomic  force  micronaph  of  diamond  crystals  showing  terraced 
morphology.  Maximum  unear  dimension  is  approximately  4  pm. 
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Figure  5.  Top  and  side  views  of  an 
hexagonally  shaped  platelet  grown 
from  a  boat-boat  bicyclodecane 
nucleus,  shown  in  Figure  la. 


Mm 


R^ure  6.  a)  and  b)  Top  and  side  views  of  a  decahedral,  five-fold 
*  !?nf„  ^rown  from  a  nucleus  with  two  stacldng  errors  inclined 
at  70  53'.  See  figure  Ic;  c)  A  partially  grown  icosahedral  crystal 
arising  from  a  nucleus  with  three  intersecting  stacking  enors. 


Figure  8.  Energy  levels  for  structures  shown  in  Figure  7. 
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Figure  9.  Perylene,  the  chair  and 
boat  confonners  of  partially 
hydrogenated  perylene,  and  fully 
hydrogenated  perylene. 


Figure  10.  Cluster  models  for 
monohydrogen  terminated  edges  of 
graphite. 


Figure  H-  Successive 
hydrogenation  of  a  comer  of  a 
graphite  sheet. 
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Diamond  formation  in  gas-activated  deposition  processes  is  discussed  in 
terms  of  elementary  chemical  processes.  The  discussion  is  based  on  a 
recently  developed  detailed  kinetic  model.  The  iiKxlel  does  not  support 
the  theory  of  pteferendal  etching  advanced  to  explain  the  kinetic 
competition  between  diamond  and  non-diamond  phases,  but  instead, 
establishes  the  critical  role  of  aromatics  condensation  and  interconversion 
of  sfP'  and  sp3  carbon  phases  mediated  by  hydrogen  atoms. 


INTRODUCTION 

Diamond  film  deposition  at  low  pressures  is  rapidly  moving  towards  technological 
applications.  Most  challenging  applications  among  them — heteroepitaxial  deposition  of 
single-crystal  films,  low-temperature  deposition  of  high  quality  films,  and  high-rate- 
high-quality  film  growth  —  requite  a  mmo  thorough  understanding  of  the  fundamental 
processes  governing  the  process.  Several  macroscopic  approaches — phenomenological, 
thermodynamic,  and  those  based  on  classical  nucleation  theory  —  have  been  used  in  the 
past  and  new  microscopic  descriptions  begin  to  appear.  A  detailed  review  of  the  pre- 
1990  theories  and  models  of  nucleation  and  growth  of  diamond  Elms  was  given  recently 
elsewhere  (1).  The  objective  here  is  to  discuss  the  principal  mechanistic  issues  of 
diamond  chemical  vapor  deposition  (CVD)  in  terms  of  elementary  phenomena  and  to 
present  some  new  results  on  the  subject. 

ETCHING  THEORY  OP  DIAMOND  CVD 

Diamond  is  a  metastable  form  of  carbon  with  respect  to  graphite  at  low  pressures. 
This  manifests  itself  in  that  the  growth  of  graphite  (mote  generally,  sp^  carbon)  always 
accompanies  the  growth  of  diamond,  and  this  co-deposition  is  what  presents  the  principal 
technological  difficulty.  Russian  scientists  (2)  provided  a  persuasive  argument  that  the 
competition  between  diamond  and  graphite  growth  is  controlled  by  kinetics  and  not 
thermodynamics.  The  kinetic  factor  was  suggested  (2-4)  to  be  the  preferential  etching  of 
graphite  over  diamond  by  hydrogen  atoms:  both  diamond  and  graphite  are  formed 
simultaneously  but  graphite  (or,  more  generally,  graphitic  component)  is  destroyed  by 
reactions  with  H  atoms  whereas  diamond  is  not,  or  at  least  not  to  the  same  extent 
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AR01SAT1C8  THEORY  OP  DIAMOND  CVD 


The  preferential  etching  theoiy  has  been  recently  challenged.  Analyzing  why  tnicron- 
an-hour  deposition  rates  of  diamond  woe  obtained  only  when  a  large  excess  of  hydrogen 
was  employed,  it  was  suggested  (5)  that  it  is  not  necessarily  due  to  hydrogen  atoms,  but 
rather  due  to  the  large  concentration  of  hydrogen  molecules  which  suppress  the 
formation  of  aromatic  species  in  the  gas  phase  thereby  preventing  their  condensation  on 
the  growing  surface.  That  is,  along  with  molecular  precursors  for  diamond  growth,  gas- 
phase  reactions  produce  higher  molecular  weight  compounds.  Among  them  are 
particularly  stable  and  “sticky”  aromatic  hydrocarbons,  the  smallest  of  them  being 
benzene.  When  present  in  the  deposition  zone,  these  aromatic  species  condense  on  the 
growing  surface  thereby  covering  the  diamond  sp3  carbon  with  carbon  phases. 

This  proposal  was  further  supported  by  a  subsequent  detailed  kinetic  modeling  study 
(6),  where  the  entire  deposition  process — gas-phase  reactions  occurring  in  the  activated 
gas  above  the  deposition  surface,  diffusion  of  chemical  species  to  the  deposition  surface, 
and  reactions  occurring  on  the  growing  surface  by  which  the  diamond  growth  takes  place 
—  was  described,  for  the  first  time,  in  elementary  terms.  The  development  of  this  model 
was  based  on  the  postulate,  first  suggested  several  years  ago  (5,7,8),  that  chemical 
reactivity  of  solid  carbonaceous  materials  is  localized  on  the  carbon  sites  in  a  manner 
similar  to  that  of  the  conesponding  hydrocarbon  gaseous  species.  In  other  words,  the 
kinetics  of  analogous  elementary  chemical  reactions  on  a  per  site  basis  is  the  same  for  all 
forms  of  carbon.  Following  this  assumption,  specific  surface  reactions  for  diamond  sj^ 
and  non-diaiix)nd  sp^  surface  sites  were  postulated  and  corresponding  rate  parameters 
evaluated  (6).  The  model  was  tested  by  simulating  diamond  film  deposition  in  a  hot- 
filament  reactor  and  was  found  to  correctly  predict  the  concentrations  of  major  gaseous 
species  and  to  reproduce  the  .general  experimental  trends  observed  for  the  growth  rate  and 
film  quality:  the  effects  of  temperature,  pressure,  initial  methane  concentration,  and  the 
addition  of  oxygen.  At  temperatures  of  diamond  deposition,  the  model  predicted  that  the 
rate  of  gasiHcation  of  sj^  carbon  by  H  atoms  is  much  too  slow  compared  to  the  rates  of 
other  processes.  The  slow  rate  of  sp^  gasification  may  be  further  supported  by  a  recent 
molecular-dynamic  study  of  Brenner  et  al.  (9),  which  showed  no  formation  of 
hydrocarbon  fragments  upon  H-atom  attacks  on  diamond  surfaces. 

Principal  mechanism  and  kinetics  of  diamond  growth 

Analysis  of  the  computational  results  in  Ref.  (6)  revealed  the  existence  of  three  basic 
factors  governing  the  d^sition  process:  epitaxial  growth  of  diamond,  diamond  surface 
graphitization,  and  condensation  of  aromatics  on  the  growing  surface. 

The  principal  growth  of  diamond  occurs  by  the  formation  of  an  active  site  —  a 
surface  carbon  sp^  radical — followed  by  the  addition  of  a  carbonaceous  gaseous  species, 
referred  to  as  the  growth  species,  to  the  surface  radical  formed.  The  number  density  of 
the  surface  radicals  is  determined  primarily  by  the  balance  between  the  following 


reactions:  abstraction  of  hydrogen  atoms  from  the  surface  C-H  bonds,  denoted  here  as 
Q]H,  by  gaseous  hydrogen  atoms  thereby  producing  the  surface  radicals,  denoted  by  Q*, 


the  reverse  of  this  reaction. 


CdH  +  H 


Cd*  +  H2 


C(j*  +  H2; 


CdH  +  H; 


combination  of  the  surface  radicals  with  free  gaseous  hydrogen  atoms, 

Cd*  +  H  - *  CdH; 

addition  of  the  growth  species  to  the  surface  radicals. 


Cd*  +  CnHm 


products; 


and  thennal  decomposition  of  the  surface  radicals  (and  its  reverse), 

Cd*  - »  CgH  +  H,  (4) 

where  CgH  denotes  an  sp^-hybtidized  carbon  site.  Assuming  a  steady  state  for  Qi*,  we 
obtain 


^Cd*  =  iLifH2l  +  kim  +  itsCCnHm]  +  *4  *  (5) 

where  x  denotes  the  number  density  of  the  corresponding  surface  sites,  square  brackets 
the  concentrations  of  gaseous  species,  and  k  the  rate  coefficients  of  the  corresponding 
reactions. 

Under  typical  deposition  conditions,  the  term  A2[H]  dominates  the  denominator  of 
Eq.  (S),  which  leads  therefore  to  expression 

From  Eq.  (6)  follows  that  the  number  of  available  surface  radicals  Cd*  increases  with 
temperature  because  reaction  (1)  has  a  substantial  activation  eneigy  whereas  reaction  (2) 
does  not.  Another  important  prediction  of  Eq.  (6)  is  that  the  number  density  of  surface 
active  sites,  and  hence  the  rate  of  diamond  growth,  should  not  depend  on  the  gas-phase 
concentration  of  hydrogen  atoms.  We  expect  this  behavior  in  the  main  growth  regime 
under  typical  deposition  conditions;  hot-filament  or  thermal-plasma  reactors,  highly 
diluted  in  hydrogen  hydrocarbon  mixtures,  about  8(X)  to  KXX)  *C  substrate  temperature. 
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and  large  superequilibrium  of  H  atoms.  In  the  deficit  of  hydrogen  atoms,  the  term 
^i[H2]  becomes  dominant  and  then 


where  Ki  is  the  equilibrium  constant  of  reaction  (1).  That  is,  under  these  conditions,  the 
number  density  of  active  sites  is  determined  by  the  “equilibrium  position”  of  reaction  (1) 
and  hence  by  ^e  concentration  of  H  atoms. 

With  the  increase  in  the  substrate  temperatures,  the  rate  coefficient  of  reaction  (4)  is 
rapidly  increasing,  reaching  a  point  when  ki  dominates  the  denominator  of  Eq.  (5).  Thus, 
at  these  high  temperatures,  the  thermodynamic  stability  of  Qj*  radicals  becomes  the 
limiting  kinetic  factor  the  sp3.hybridized  Ca*  sites  decompose  forming  an  sp^  graphitic 
phase.  And  the  latter  is  gasified  (etched)  by  reactions  with  hydrogen  atoms. 

At  low  substrate  temperatures,  the  condensation  of  benzene  from  the  gas  phase  onto 
the  growing  surface  competes  with  the  growth  of  diamond  by  covering  the  available 
diamond  sites,  i.e.,  decreasing  Xc^-  condensing  aromatic  molecules  are  presumably 
converted,  by  thermal  decomposition  or  by  the  addition  of  hydrogen  atoms,  into  an 
amorphous  sp^/sf^  carbonaceous  network. 

Bli^or  experimental  trends 

The  model  discussed  above  offers  the  following  explanations  for  the  trends  observed 
in  experiments: 

Gas  Activation:  Without  activating  the  gas  by  thermal,  plasma  or  other  energetic 
sources,  the  concentration  of  H  atoms  is  low  and  hence  the  number  density  of  active  sites 
and  consequently  the  film  growth  rate  are  low. 

Substrate  temperature:  At  low  temperatures,  the  formation  of  active  sites  is 
slow  as  it  is  limited  by  the  low  rate  of  reaction  (1).  With  the  increase  in  temperature,  this 
rate  is  increased.  However,  at  high  enough  temperatures,  the  number  density  of  active 
sites  decreases  due  to  their  thermal  decon^sition  and  graphitization.  The  sfP’  carbon 
formed  at  these  high  temperatures  is  rapidly  etched  away  by  hydrogen  atoms.  These 
phenomena  explain  the  twll-shaped  dependence  of  the  Him  growth  rate  on  substrate 
temperature.  The  diamond  film  quality  is  predicted  to  be  the  highest  at  temperatures  of 
the  peak  deposition  rate.  At  higher  substrate  temperatures,  when  graphitization  occurs, 
the  film  should  contain  increasingly  large  amounts  of  graphitic  component;  and  at  lower 
substrate  temperatures,  the  condensation  of  benzene  leads  to  an  amorphous  sp^/sp^ 
carbonaceous  network. 
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Role  of  hydrogen  ;  There  are  two  main  roles  that  hydrogen  plays.  First,  molecular 
hydrogen  suppresses  the  formation  of  aromatics  in  the  gas-phase;  and  second,  the  atomic 
hydrogen  activates  the  surface  by  the  H-abstraction,  reaction  (1),  thus  creating  surface 
radicals.  Also  important  are  the  combination  of  H  atoms  with  the  surface  radicals,  and 
addition  of  H  atoms  to  unsaturated  carbon-carbon  bonds  thereby  converting  aromatics 
into  amorphous  carbon  at  low  temperatures  and  gasifying  graphite  at  high  temperatures. 

INITIAL  Hydrocarbon  Concentration:  The  main  factors  affecting  the 
deposition  characteristics  with  the  increase  in  the  initial  hydrocarbon  concentration  are: 
higher  concentrations  of  the  film  growth  species  and  therefore  larger  film  growth  rates  in 
highly  diluted  mixtures;  increased  formation  of  aromatics  which  reduces  the  film  quality; 
and  lower  H  atom  concentrations  that,  among  other  things  (6,10),  shifts  the  peak  of  the 
deposition  rate  to  higher  substrate  temperatures.  Fbr  a  fixed  deposition  temperature,  at 
low  initial  CH4  concentrations,  the  deposited  film  consists  of  diamond.  At  higher 
methane  concentrations,  when  benzene  condensation  catches  up  with  diamond  deposition, 
the  film  begins  to  contain  amorphous  carbon,  formed  by  the  H  addition  to  benzene 
condensed  on  the  surface.  At  even  higher  methane  concentrations,  as  the 
transformation  by  the  H  addition  can  no  longer  follow  the  benzene  condensation,  the 
depositing  film  should  consist  of  predominantly  graphite. 

Effect  of  pressure:  The  effect  of  pressure  on  diamond  deposition  is  essentially 
the  concentration  effect:  the  absolute  concentrations  of  the  key  hydrocarbon  species  ate 
increased  with  the  increase  in  pressure,  thus  following  the  phenomena  described  in  the 
point  above. 

Addition  of  Oxygen:.  The  addition  of  small  amounts  of  oxygen  docs  not 
necessarily  increase  the  deposition  rate  of  diamond  but  substantially  improves  the  film 
quality,  especially  at  low  temperatures.  This  improvement  in  film  qu^ity  results  from  the 
decrease  in  the  concentration  of  benzene,  caused  by  the  oxidation  of  key  hydrocarbon 
precursors  in  the  gas  phase,  and  gasification  (etching)  of  sp2  surface  carbon  by  OH 
radicals. 

Improved  deposition’ of  diamond 

Our  model  suggests  two  factors  for  improvement  in  deposition  characteristics  of 
diamond  films  at  lower  substrate  temperatures:  a  higher  temperature  gradient  and  a  larger 
concentrations  of  OH  in  the  deposition  zone.  The  high  gas  temperatures  in  the  deposition 
zone  prevent  the  formation  of  aromatics  in  the  gas  phase,  and  the  OH  radicals  remove  the 
non-diamond  sp2  component  from  the  growing  surface.  These  factors  should  improve  the 
quality  of  diamond  films  but  not  necessarily  increase  the  deposition  rate  of  diamond.  A 
possible  strategy  for  increasing  the  rate  of  diamond  film  deposition  is  to  separate  the 
growth  and  etching  processes  by  a  cyclic  operation,  in  which  after  a  period  of  growth,  the 
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non-diamond  component  is  removed  by  oxidation  (11),  as  first  suggested  by  the  Russian 
scientists  (2). 

Effect  of  florine  on  diemond  growth 

The  presence  of  halogens  in  the  reaction  system  is  known  to  promote  the  production 
of  various  forms  of  solid  carbon  [see,  e.g..  Refs.  (12-14)  and  references  cited  therein]. 
Of  particular  interest  are  the  recent  results  of  Patterson  er  a/.  (14)  who  reported  deposition 
of  diamond  films  at  substrate  temperatures  as  low  as  2S0  *C  and  relatively  mild  gas 
activation  when  florine  was  added  to  the  mixture.  These  observations  can  be  rationalized 
by  the  abstraction  of  the  surface  H  atoms  by  gaseous  F  atoms, 

QH  +  F  - >  Cld*  +  HF.  (8) 

The  rate  coefficient  of  this  reaction  is  likety  to  be  substantially  larger  and  essentially 
temperature  independent  by  comparison  to  reaction  (1),  as  evidenced  by  analogy  to 
known  gas-phase  reactions  (see  Ing.  1).  Thus,  the  presence  of  F  atoms  will  lead  to  an 
increased  activation  of  surface,  especially  at  low  temperatures.  An  additional  factor 
affecting  the  deposition  characteristics  may  be  the  preferential  etching  of  sp^  component 
by  F  atoms,  as  suggested  by  Patterson  etal.  (14). 
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Figure  1.  Comparison  of  rate  coefficients  of  the  F-  and  H-abstractions  by 
hydrogen  atoms;  the  data  are  from  Ref.  (15)  and  (16),  respectively. 
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THE  GROWTH  SPECIES 


It  should  be  noted  that  the  above  discussion  did  not  invoke  a  specific  growth  species. 
Assuming  the  growth  species  to  be  either  C2H2  or  CH3,  the  two  most  likely  candidates  at 
typical  deposition  conditions,  would  predict  the  same  qualitative  trends  and  produce  in 
Iwth  cases  near  quantitative  agreement  with  experiment  for  an  appropriate  choice  of  rate 
parameters.  However,  as  the  controversy  over  C2H2-versus-CH3  mount.s,  it  is  pertinent 
here  to  examine  the  criticism  advanced  against  the  acetylene  hypothesis. 

Experimental  arguments 

Martin  and  co-workers  (17)  have  synthesized  diamond  films  in  a  flow  tube 
reactor  in  which  hydrocarbon  was  added  downstream  from  a  microwave  discharge  in 
10%H2-Ar  mixtures.  They  reported  that  more  diamond  is  formed  and  of  higher  quality 
when  methane  is  used  as  the  initial  hydrocarbon  compared  to  acetylene.  They  concluded 
therefore  that  methyl  radicals  and  possibly  methane  are  more  effective  diamond 
precursors  than  acetylene. 

However,  starting  with  acetylene  should  not  necessarily  be  a  better  environment  for 
diamond  growth  in  Martin  et  al.'s  experimental  system  because  at  high  acetylene 
concentrations  the  production  of  benzene  is  increased  and  this,  according  to  the  aromatics 
theory  of  diamond  CVD  presented  here,  suppresses  diamond  deposition.  It  should  be 
noted  that  while  the  growth  rate  of  diamc 'd  is  first  order  in  acetylene  concentration,  the 
formation  rate  of  aromatics  in  the  gas  phase  is  second  to  third  order  in  the  concentration 
of  acetylene.  Therefore,  increasing  acetylene  concentration  should  tilt  the  kinetic 
competition  towards  production  of  aromatics,  and  hence  away  from  the  growth  of 
diamond. 

Chu  ETAL.  (18)  presented  a  clever  idea  of  diamond  deposition  from  a  mixture  of 
isotope-labeled  hydrocarbons.  They  used  a  hot-filament  technique;  though,  their  reactor 
was  different  from  those  typically  used  in  diamond  chemical  vapor  deposition.  Only 
hydrogen  gas  was  sent  through  the  hot  filament  region  and  the  hydrocarbons,  mixed  in 
hydrogen,  were  injected  into  post-filament  stream  near  the  substrate.  The  hydrocarbons 
were  i^CHa  and  •2C2H2,  mixed  in  the  molar  ratio  of  2  to  1,  whereby  creating  a  gaseous 
environment  containing  equal  amounts  of  and  atoms.  Comparing  the  isotopic 
ratios  of  the  deposited  film  with  those  of  the  gas-phase  species,  Chu  et  al,  arrived  at  a 
conclusion  that  methyl  radical  is  the  dominant  growth  precursor. 

However,  in  their  experiments  only  methane  and  acetylene  could  be  analyzed,  and  the 
concentration  as  well  as  the  isotope  ratio  of  methyl  radicals  —  the  critical  data  for  their 
conclusion  —  were  deduced  through  a  series  of  highly-questionable  assumptions.  For 
example,  one  of  the  key  assumptions  is  that  ‘‘^3C2H2  and  *2.13C2H2  remain  in 
quasiequilibrium  with  13cH3  and  12CH3  even  though  the  latter  species  are  not  in 
equilibrium  with  and  *^2H2,  respectively”  (18).  Supposing  that  the  kinetics  and 
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thermodynamics  of  the  l^C-labeled  hydrocarbons  is  about  the  same  as  those  of  their 
nonlabeled  analogs,  as  Chu  et  al.  also  accepted  in  their  analysis,  the  assumption  that 
13C2H2  is  in  equilibrium  with  i3cH3  and  in  equilibrium  with  and 

is  inconsistent  with  the  assumption  that  12C2H2  is  not  in  the  same  state  of 
equilibrium  with  *2CH3. 

Actually,  it  is  very  unlikely  that  an  equilibrium  between  methyl  radicals  and  acetylene 
molecules  in  the  deposition  zone  is  attained  at  all.  This  is  exemplified  in  Fig.  2,  which 
depicts  the  results  obtained  in  detailed  calculations  performed  for  a  typical  hot-filament 
reactor  (6).  As  can  be  seen  in  this  figure,  the  products-to-reactants  ratio  for  CH3  +  CH3 
C2H2  +  2H2  is  removed  by  about  five  orders  of  magnitude  from  the  equilibrium. 

Making  a  difrerent  assumption  that  methyl  radicals  are  in  partial  equilibrium  with 
methane  molecules  via  reaction  CH4  +  CH3  +  H2,  leads  to  a  conclusion  that  methyl 
radicals  and  acetylene  molecules  contribute  about  equally  to  the  growth  of  diamond  [see 
also  Ref.  (1)].  However,  the  above  reaction  is  not  exactly  in  the  state  of  partial 
equilibrium  at  temperatures  below  about  1200  K  (see  Fig.  2),  i.e.,  at  the  Chu  et  al.'& 
reacdon  temperatures. 

Another  viable  possibility  for  isotope  exchange  in  the  system  is  through  formadon  of 
C3HX  species,  e.g.. 


Figure  2.  Disequilibrium  rados  calculated  for  CH4  +  H  =  CH3  +  H2  and 
CH3  +  CH3  =  C2H2  +  2H2  at  the  conditions  modeled  in  Ref.  6. 
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12.13C2H2  +  *2CH3 
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Assuming  pailial  equilibrium  and  neglecting  the  isotope  effect  on  the  reaction  rates,  the 
concentrations  of  the  methyl  and  acetylene  isotopes  can  be  related  by 

2[«3CH3]  tJ2C2H2]  =  [12CH3][12.13C2H2],  (9) 

where  the  factor  of  2  on  the  left-hand  side  of  Eq.  (9)  appears  due  to  the  symmetry  of 
H-12o12c-H  versus  the  lack  of  such  for  Analogously,  for  reactions 

between  *2CH3  and  *3C2H2,  the  following  relationship  is  derived 

2[12CH3]  [I3C2H2I  =  [>3CH3][12.13C2H2].,  (10) 

From  Eqs.  (9)  and  (10),  we  obtain 

[I2.13C2H2]  =  2Vi‘2C2H2HJ3C2H2]  (ll) 

and 

=  V[«3C2H2]/(>2C2H2]  7  (12) 

Upon  substitution  of  the  experimental  values  from  Ref.  18  of  0.53  and  0.18  for  the 
fractions  of  *202112  and  *3C2H2  in  the  gaseous  acetylene  molecules,  respecuvely,  the 
fraction  of  *3CH3  in  the  methyl  radicals,  is  calculated  by  Eq.  (12)  equal  to  0.37.  This 
would  imply  that  the  *3c  fraction  of  methyl  radicals  is  about  the  same  as  the  *3c  firaction 
of  the  acetylene  molecules,  0.32  -  0.35,  and  both  being  lower  than  the  faction  of  *3c  in 
the  deposit  film,  0.50-0.51.  A  possible  explanation  of  this  difference  may  be  that  the 
gas  sampled  by  the  probe  does  not  have  the  same  composition  as  the  gas  in  the  diamond 
deposition  zone.  However,  the  fraction  of  *2,13c2H2  calculated  according  to  Eq.  (11) 
results  in  a  value  of  0.62,  much  higher  than  its  experimental  counterpart,  0.29,  which 
i;.dicates  that  the  partial  equilibria  expressed  by  Eqs.  (9)  and  (10)  are  not  attained. 

It  is  thus  demonstrated  that  the  data  collected  by  Chu  et  al  (18)  on  isotope  ratios  of 
methyl  r*•'^icals,  acetylene  molecules,  and  diamond  films  are  inconclusive  without  direct 
measurenients  of  the  isotope  composition  of  CH3. 
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Theoretical  and  computational  arguments 

Our  detailed-kinedc  (6)  and  quantum-chemical  analyses  (19)  indicated  that  the  main 
growth  under  the  conditions  typical  of  diamond  hot-filament  and  plasma  reactors  is 
dominated  by  the  addition  of  acetylene  molecules  to  surface  radical  sites,  created  by  the 
H-abstraction  on  microscopic  surface  steps,  kinks  and  ledges  The  growth  by  other 
species — methyl,  ethyl,  ethylene  and  vinyl — was  computed  to  be  much  slower. 

“Cotiunon-sense”  arguments  that  adding  one  carbon  at  a  time  or  that  the  growth 
species  must  be  radical  in  nature  have  been  refuted  by  the  results  of  a  quantum-chemical 
study  (19)  showing  that  diamond  growth  by  the  addition  reaction  of  acetylene,  a 
nonradical  species  with  two  carbon  atoms,  is  favorable  on  energetic  grounds.  This  result 
was  confirmed  by  Mehandru  and  Anderson  (20).  Another  frequently  expressed  opinion  is 
that  the  growth  of  (1 1 1)  diamond  can  be  explained  by  one  or  two  carbon-atom  species  but 
the  growth  of  (100)  diamond  can  be  accommodated  only  by  a  one-carbon-atom  species. 
It  should  be  noted  however,  that  both  surfaces  are  not  smooth  on  the  atomic  sc^e,  and 
therefore  their  growth  can  be  envisioned  by  either  growth  species.  In  other  words,  the 
morphology  of  diamond  films  alone  cannot  serve  as  an  indicator  of  the  precise  nature  of 
the  growth  species. 

A  counter-argument  against  the  acetylene  hypothesis  was  recently  expressed  by 
Harris  (21),  who  argues  that  the  energetic  advantage  of  the  acetylene-addition  reaction 
step  is  counterbalanced  by  the  decrease  in  entropy,  making  the  reverse  direction  — 
decomposition  of  the  surface  complex  forming  during  the  reaction  —  more  favorable  at 
temperatures  of  diamond  growth.  His  argument  is  founded  on  the  principle  of  detailed 
balancing,  which  states  that  the  ratio  of  the  forward  and  reverse  rate  coefficients  is  equal 
to  the  equilibrium  constant.  The  latter  was  estimated  based  on  ideal-gas-law  and  ideal- 
mixture  assumptions.  However,  it  is  not  clear  to  what  extent  the  principle  of  detailed 
balancing  can  be  applicable  to  a  chemically-activated  gas-surface  reaction  as  a  whole,  and 
whether  acetylene  activity,  the  actual  property  required  in  the  calculation  of  the 
equilibrium  constant  for  the  acetylene-addition  reaction,  can  be  replaced  by  the  partial 
pressure  of  acetylene  in  the  gas  phase.  Although  the  answers  to  these  questions  cannot  be 
given  at  the  present  state  of  knowledge,  there  is  an  evidence  supporting  our  hypothesis: 
assuming  the  change  in  the  Gibbs  free  energy  at  12(X)  K  equal  1.1  kcal/mol,  as  estimated 
by  Harris  (21),  we  calculate  that  (111)  diamond  should  be  etched  with  the  rate  of  80 
pm/h!  This  clearly  disagrees  with  available  experimental  facts,  thus  indicating  that  the 
reverse  rate  of  our  proposed  acetylene  addition  should  be  much  lower  than  the  rate 
suggested  by  Harris. 

As  an  alternative,  Harris  (22)  proposed  a  CH3-based  mechanism,  and  most  recently 
Goodwin  (23)  reported  that  this  mechanism  can  quantitatively  account  for  diamond 
growth  rate  in  hot-filament,  flame  and  arejet  environments.  However,  as  discussed  earlier 
in  the  text,  any  methyl  or  acetylene  based  reaction  mechanism  would  be  capable  of 
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similar  predictions  upon  appropriate  choice  of  rate  parameters,  and  certainly  calculations 
with  only  one  of  the  possible  mechanisms  does  not  prove  its  dominance  or  uniqueness. 

Furthermore,  the  numerical  predictions  of  the  Harris’  mechanism  may  be  lower  than 
reported.  The  reaction  rate  formalism  and  the  rate  coefficient  values  of  Ref.  22  (and  used 
also  in  Ref.  23)  are  those  of  the  gas-phase  reaction  kinetics.  We  recalculated  these  rate 
coefficients,  following  the  formalism  that  expresses  the  postulate  of  the  chemical 
similarity,  i.e.,  using  Eq.  (5)  in  Ref.  (6)  [see  (24)].  Simulating  then  diamond  growth  for 
the  conditions  of  a  hot-filament  reactor  with  the  Harris'  mechanism  but  using  the 
recalculated  rate  coefficients  and  treating  the  growth  kinetics  by  a  Monte  Carlo  algorithm 
which  properly  accounts  for  the  formation  frequency  of  adjacent  surface  radical  sites,  the 
growth  rate  of  diamond  was  calculated  to  be  0.01  |im/h,  in  contrast  to  the  experimental 
values  of  0.1  to  1.0  ]un/h.  Taking  into  account  the  repulsion  between  methyl  groups 
should  lower  the  calculated  value  further,  by  one  to  two  orders  of  magnitude. 

CONCLUDING  REBfARKS 

Summarizing  the  above  discussion,  not  only  that  there  is  presently  no  evidence 
disproving  the  acetylene  hypothesis,  but  there  is  also  no  evidence  to  claim  that  methyl 
radical  is  a  more  efficient  growth  species  than  acetylene.  At  the  same  time,  the  results  of 
theoretical  and  modeling  studies  comparing  the  two  growth  species  on  similar  grounds 
favor  acetylene.  It  does  not  however  imply  that  methyl  radicals  do  not  or  cannot  play  a 
role  in  diamond  CVD.  On  the  contrary,  the  reaction  sequence  comprised  of  addition  of 
CH3  to  a  surface  radical,  abstraction  of  an  H  atom  from  this  chemisorbed  CH3,  and 
addition  of  C2H2  to  the  radical  formed  was  suggested  by  us  (8)  to  be  a  likely  nucleation 
step  in  homoepitaxial  diamond  deposition.  Subsequent  kinetic  analysis  (6)  showed  that 
this  process  is  the  second  fastest  under  typical  hot-filament  deposition  conditions,  being 
slower  than  the  acetylene-addition  reaction  by  merely  one  to  two  orders  of  magnitude. 
This  means  that  the  presence  of  some  amount  of  CH3  is  necessary  for  epitaxial  growth  of 
diamond,  and  if  the  CH3-to-C2H2  concentration  ratio  is  substantially  increased,  as 
probably  achieved  in  the  experiments  of  Martin  and  Hill  (17)  and  Chu  et  aJ.  (18),  the 
growth  by  CH3-driven  reactions  may  become  more  prominent.  Obviously,  when  other 
reactive  chemical  species  are  present  in  substantial  concentrations,  such  as  C  atoms  in 
arejet  reactors  [sec  e.g.  (23)],  they  may  contribute  to  and  even  dominate  the  growth  of 
diamond. 
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MOLECULAR  BEAM  EPITAXY  OF  DUMOND  WITH  CARBON 
ATOMS  1D:  A  THEORETICAL  EXPERIMENT 
BASED  ON  QUANTUM  CHEMISTRY 

M.  Tsuda,  S.  Oikawa,  C.  Sekine,  and  S.  Furukawa 
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A  mechanism  of  the  diamond  synthesis  in  hydrocarbon  plasmas  were 
investigated  in  the  case  where  carbon  atoms  in  the  lowest  singlet  state  ‘D  are 
the  reactive  species  and  the  epitaxial  growth  takes  place  on  the  (001) 
surfaces.  The  results  obtained  are  as  follows:  (i)  Two  types  of  the  Sb  step 
are  generated  in  the  Sb  step  growth;  i.e.,  the  Sb  step  type  I  and  Sb  step  type 
n.  ii)  The  Sb  step  growth  is  the  dimer  row  growth,  llie  dimer  row  on  the 
(001)  surface  grows  independently..  This  situation  explains  the  ragged  line 
of  the  Sb  step,  iii)  The  Sa  step  growth  is  a  complex  process.  It  is  initiated 
by  the  nucleation  at  the  Sa  step  edge  and  followed  by  the  dimer  row 
propagation,  iv)  The  nucleus  is  a  dimer  which  has  the  reactivi^  like  a  a- 
type  dangling  bond  which  propagates  a  dimer  row  to  the  both  sides  of  the 
nucleus  ^ong  the  Sa  step  ^ge.  This  situation  explains  the  straight  line  of 
the  Sa  step,  v)  The  propagation  process  of  the  dimer  row  in  the  Sa  step 
growth  follows  exactly  the  same  mechanism  as  the  Sb  step  growth  does. 


(.Introduction 

There  is  no  report  on  the  experiment  of  molecular  beam  epitaxy(MBE)  of  diamond. 
However,  an  imaginary  experiment  on  MBE  of  diamond  by  means  of  the  method  of 
quantum  chemistiy  is  able  to  be  carried  out  prior  to  a  real  ex^,Iment  since  SchrMnger 
^nation  is  written  even  on  imaging  materials  and  imaginary  reaction  systems.  Such  a 
research  as  presented  here  will  give  theoretical  predictions  of  results  which  may  be 
obtained  by  real  experiments. 

In  this  paper,  elementary  processes  of  MBE  of  diamond  with  carbon  atoms  in  the 
lowest  singlet  state  *D  were  investigated  on  reconstructed  (001)  surfaces.  There  is  an 
intimate  relationship  between  this  theoretical  research  and  real  experiments  of 
homoepitaxial  growth  of  diamond  crystals  by  chemical  vapor  depositions  (CVD)  in  the 
following  points.  One  is  that  carbon  atoms  in  the  lowest  singlet  state  may  be  produced 
by  decompositions  of  CH4  molecules  in  CH4  plasmas,  which  are  used  for  diamond 
syntheses,  in  the  the  similar  manner  that  Si(^D)  atoms  are  generated  in  SiH4  plasmas 
which  has  been  proved  already  [1, 2].  A  carbon  atom  in  the  lowest  singlet  state  may 
have  a  long  life  time  as  observed  in  the  case  of  Si(iD)[2]  or  ori/io-Het^He),  although  the 
ground  state  of  a  carbon  atom  is  the  triplet  one.  Another  point  is  that  the  (2x1) 
reconstructed  structures  were  observed  by  the  scanning  tunneling  microscope(STM) 
experiments  on  (001)  surfaces  of  diamond  crystals  produced  in  CFU  plasmas.  The  two 
types  of  steps,  Sa  and  Sb  named  by  Chadi  on  reconstructed  Si(OOl)  surfaces[l  1]  were 
clearly  observed  on  the  dianK>nd(001)  surfaces[3]. 
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There  are  many  reactive  species  which  are  the  candidates  of  the  ultimate  species  for  the 
diamond  crystal  growth  in  CH4  plasmas;  i.e.  2CH3,  *CH2,  ^CH2,  ^CH,  ^CH,  C(*D), 

C(3p).  These  neutral  species  are  imptutant  than  the  ionic,  the  excited  or  the  secondary 
generated  species  because  of  their  higher  concentrations.  Since  the  real  mechanism  of 
diamond  formations  in  CVD  processes  is  not  established  yet,  all  the  possibilities  must  be 
investigated  on  these  reactive  species.  The  authw  have  proposed  a  diamond  formation 
mechanism  where  a  methyl  radical  -013  contributes  as  the  ultimate  species  to  the  epitaxial 
growth  of  diamond[4,  S].  However,  this  mechanism  does  not  exclude  another  mechanism 
where  other  reactive  species  than  a  methyl  radical  serves  as  the  ultimate  q)ecies. 

In  this  paper,  we  tried  to  construct  one  of  other  diamond  formation  mechanisms  where 
the  ultimate  species  is  C(iD)  atoms.  Successful  results  were  obtained  and  will  be 
described  here. 


2.  Method 

The  SchrOdinger  equation  on  a  reaction  system  was  solved  by  ab  initio  molecular 
orbital(MO)  method[6].  On  large  reaction  systems,  a  semiempirical  MO  method  with 
MNDO  approximation[7]  was  used.  Chemical  structures  were  determined  by  the  full 
optimization  at  minima  and  maxima  of  the  potential  energy  hypersurface  of  a  reaction 
system[8].  The  potential  energy  values  were  elabolated  by  the  method  of  configuration 
interactions(CI)  or  the  Moeller-Plesset  perturbation  the«y[6]. 

In  the  calculations  of  large  leacticxi  systems,  all  the  underlayer  atoms  are  fixed  in  order 
to  take  account  of  the  characteristic  of  the  crystd.  The  carbon  attniis  which  is  expressed  by 
an  open  circle  also  fixed  in  the  same  reason,  eve.,  when  they  occupy  the  utmost  surface. 


3.  The  Structure  of  (001)  Surfaces  of  Diamond  Crystals 

3.1.  Model  Molecular  System 

Fig.  1  represents  the  unreconstructed  diamond(001)-(lxl)  surface  whose  bond 
distances  and  bond  angles  are  postulated  identical  with  those  of  the  inner  structures  of 
diamond  crystals.  No  one  knows  whether  the  growing  surface  of  diamond  crystals  in 
hydrocarbon  plasmas  at  800°C  is  bared  or  terminated  with  hydrogen  which  forms  C-H 
bonds.  We  postulated  bared  (001)  surfaces  in  this  research  because  the  theoretical 
experiment  on  MBE  of  diamond  crystals  has  to  be  discussed  here.  In  order  to  describe  the 
reconstruction  process  of  diamond(001)  surface,  we  must  take  notice  of  the  two  top  C 
atoms  denoted  as  solid  spheres  in  Fig.  1.  The  first,  secona  and  third  underlayers  dso 
have  to  be  considered.  For  these  reasons,  the  construction  of  the  smallest  model  molecular 
system  for  ab  initio  calculations  was  performed  in  the  following  way:  i.e.,  the  C  atoms 
designated  by  the  solid  spheres  in  Fig.  1  were  remained  and  those  of  the  open  spheres 
were  replaced  by  hydrogen  atoms.  Consequently,  a  C9H12  model  was  obtained  as  shown 
in  Fig.  2(a). 

3. 2.  The  Reconstructed  Structure  of  Diamond((X)l)  Surfaces 

Starting  from  the  (1x1)  structure,  the  potential  energy  of  the  model  molecular 
system(Fig.  2(a))  in  the  lowest  electronic  singlet  state  was  minimized  at  the  Hartree-Fock 
level.  The  fully  optimized  structure  obtained  at  the  minimum  of  the  potential  energy 
hypersurface  in  the  lowest  singlet  state  of  the  model  reaction  system  was  shown  in  Fig. 
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2(b).  The  C1-C2  distance  which  was  2.18SA  in  the  (1x1)  structure(Fig.  2(a))  became 
1.386A  in  Fig.  2(b)  which  shows  formations  of  the  reconstructed  (2x1)  dimer  structures. 
The  dimer  pt^uced  is  symimtric  and  not  buclded. 

This  result  is  very  similar  to  the  case  of  Si((X)l)  surfaces  reported  in  the  previous 
paper[9].  The  (2x1)  symmetric  dimer  structures  of  reconstructed  Si((X)l)  surfaces  are  well 
established  by  STM  experiments[10].  Quite  recendy,  the  (2x1)  symmetric  dimer  structure 
was  observed  by  STM  experiments  on  (001)  surfaces  of  diamond  crystals  produced  in 
CH4  plasmas[3].  Hiis  experiment  supports  the  theoretical  results  presentra  here.  As 
mentioned  in  section  1.,  the  STM  image  of  diamond(001)  surfaces  clearly  shows  the  two 
kinds  of  steps,  Sa  and  SB.  which  are  dways  observed  on  Si(001)  surfaces. 


4.  The  Sb  Step  Grovtrth  on  (001)  Surfaces  of  Diamond  Crystals  with  Carbon  (^D)  Atoms 

4.1.  The  Steps  of  (001)  Surfaces  of  Diamond 

From  the  theoretical  result  on  the  reconstructed  (001)  surfaces  of  diamond  crystals 
shown  in  section  3  as  well  as  tlie  STM  experiment  on  the  Si  (001)  [10],  we  can  imagine 
the  structures  of  (001)  surfaces  of  diamond  where  homoepitaxial  growth  takes  place  in 
hydrocarbon  plasmas.  A  sketch  of  the  imagined  (001)  surface  of  diamond  crystals  are 
drawn  in  Fig.  3.  The  structure  is  identical  with  Si(001)  surfaces  in  the  meaning  that  the 
two  kinds  of  steps,  Sa  and  Sb,  exist  there.  The  dimerization  direction  of  the  (2x1) 
structure  on  an  upper  terrace  near  a  step  is  normal  to  the  step  edge  in  the  Sa  step  and 
parallel  in  the  Sb  step,  respectively,  as  shown  in  Fig.  3.  In  the  STM  image  of  Si  (001) 
surfaces,  the  Sa  step  stands  in  a  straight  line  but  the  Sb  step  has  a  ragged  edge  [3].  This 
fact  means  that  each  of  the  dimer  rows  grows  independently  at  the  Sb  steps.  For  this 
reason,  the  SB  step  growth  will  be  elucidated  if  the  elementary  growth  process  of  a  single 
dimer  row  could  be  clarified. 

The  S  A  step  growth  was  found  to  begin  with  a  nucleation  on  the  lower  terrace  at  the  Sa 
step  edge  as  shown  later.  Once  a  nucleus  has  been  formed  at  the  Sa  step  edge,  the  same 
structure  as  the  Sb  step  type  I  (see  section  4.3.)  is  generated  at  both  sides  of  the  nucleus  as 
shown  in  Fig.  8(11).  Then,  a  dimer  row  growth  starts  from  the  nucleus  along  the  Sa  step 
edge  in  the  same  mechanism  that  operates  in  the  Sb  step  growth  (see  sections  4.3  and  4.4 
for  the  Sb  step  growth).  This  dimer  row  formation  is  corresponding  to  one  step  growth 
of  the  Sa  step.  In  other  words,  the  Sa  step  growth  is  a  complex  process,  i.e.,  a 
nucleation  followed  by  a  dimer  row  growth  whose  propagating  direction  is  normal  to  the 
direction  of  the  Sa  step  growth  as  shown  in  details  in  section  5  and  6.  Therefore,  the 
elementary  processes  of  the  Sa  step  growth  are  identical  with  those  of  the  Sb  step  growth 
except  its  initial  process  for  the  nucleation.  Consequently,  the  Sb  step  growth  was 
investigated  in  details  at  first  in  terms  of  tite  elementary  process  in  this  paper. 

4.2.  A  Model  Reaction  System  for  the  Sb  Step 

A  model  reaction  system  which  represents  the  Sb  step  on  diamond(001)  surfaces,  the 
large  model,  was  constructed  by  replacements  of  the  carton  atoms  shown  by  open  circles 
at  Ae  Sb  step  in  Fig.  3  with  hydrogen  atoms.  The  constructed  nnodel  reaction  system  was 
shown  in  Fig.  4(a). 

4.3.  The  Sb  Step  Structures  Appearing  during  the  Epitaxial  Growth 


Fig.  3.  Sa  and  Sb  steps  of  (001)  surfaces.  Model  molecular  systems  for  the  Sb  and  Sa 
steps  are  constructed  by  the  replacement  of  the  open  circles  with  hydrogen  atoms.  The 
lower  figure  shows  the  top  view  and  the  upper  one  is  the  side  view. 
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The  structures  of  the  Sb  step  generated  during  the  process  of  a  dimer  row  growth  were 
shown  in  Fig.  4.  The  atomic  distance  between  the  nei^boring  carbon  atoms  of  the  utmost 
diamond(001)  surfaces  changes  Aom  2.S22A  at  the  initial  (1x1)  structure,  to  ~1.5A  at  the 
(2x1)  structure  after  the  dimer  formation.  With  careful  examination  of  Fig.  4,  we  can  tind 
that  there  are  two  types  of  Sb  steps  on  diamond  ((X)l)  surfaces;  i.e.,  (a)  and  (c)  belong  to 
the  same  type  of  Sb  steps  but  (b)  to  another  different  type.  At  these  Sb  steps,  the  dimers 
belonging  to  the  utmost  surfaces  are  on  the  same  position  as  the  crystal  lattice  for  both 
cases  of  (a)  and  (c),  but  the  position  of  the  dimers  for  the  case(b)  is  slid  to  the  right  hand 
side  from  Ae  crystd  lattice.  Hereafter,  we  call  the  Sb  step  type  I  and  the  type  n  for  the 
former  and  the  latter,  respectively. 

4.4.  Elementary  Process  of  the  Sb  Step  Growth 

The  electronic  state  functions  for  a  carbon(^D)  atom  were  calculated,  because  the 
elementary  process  of  the  Sb  step  growth  by  diamondf^D)  atoms  generated  from  the 
decomposition  is  investigated  in  this  research.  The  five  state  functions  representing  the 
state  have  the  same  forms  as  the  d  atomic  orbitals  of  H  atom  (Table  1).  The  spatial 
distributions  of  the  square  values  of  the  highest  occupied  MO(HOMO)  and  the  lowest 
unoccupied  MO(LUMO)  as  well  as  the  second  HOMO  are  shown  in  Fig.  5  on  the 
structure(a)  of  Fig.  4.  The  MO  energies  of  the  HOMO  and  the  second  HOMO  are 
substantially  degenerated.  It  is  well  known  that  HOMO  and  LUMO  control  an  initial  stage 
of  chemical  reactions  significantly!?].  In  Fig.  5,  the  HOMO  is  localized  at  the  dimer  part 
of  the  lower  terrace  next  to  the  SB  step,  but  the  second  HOMO  and  the  LUMO  are 
localized  at  the  Sb  step  edge  of  the  upper  terrace.  It  should  be  noted  that  the  LUMO  and 
the  second  HOMO  have  the  spatial  distribution  very  similar  to  a  o-type  dangling  bond  at 
the  step  edge.  A  carbonf^D)  atom  interacts  with  the  LUMO  or  the  second  HOMO  at  the 
initial  stage  of  the  growth  reaction  at  the  Sb  step.  The  carbon  atom  makes  a  bridge 
between  the  carbon  atom  having  the  LUMO  as  well  as  the  second  HOMO  and  the  other 
carbon  atom  of  the  dimer  which  is  next  to  the  Sb  step  and  belongs  to  the  lower  terrace  (the 
first  carbon  bridge  formation;  Fig.  6).  This  situation  corresponds  to  the  reaction  of  a  so- 
called  dangling  bond  at  the  step  edge  with  a  carbon  (ID)  atom.  The  dimer  row  propagates 
one  dimer  at  the  Sb  step  edge  as  is  shown  in  Bg.  4(b)  immediately  after  the  second  cubon 
bridge  was  formed  at  the  neighbor  posititm  in  the  same  way  as  the  first  carbon  bridge  (Fig. 
6). 


The  potential  energy  stabilization  following  this  Sb  step  growth  (a)->(b)  is  13.66eV 
(Fig.  7).  It  should  be  noted  that  the  two  dimers  at  the  lower  terrace  in  the  structuro(a)  hold 
their  dimer  characters  considerably  even  after  the  structure(b)  has  bMn  formed;  i.e.,  the 
bond  length  of  1.436A  in  the  dimer  of  structure(a)  changed  to  1.730A  in  the  structure(b). 
This  len^ening  of  the  dimer  bond  distance  means  the  unstabilization  of  the  dimer.  But, 
one  should  remember  that  this  bond  length  of  1.730A  is  very  short,  when  comparing  it 
with  2.522A  of  (1x1)  structure  of  diamond(001)  surfaces.  Because  of  holding  a  dimer 
structure  at  the  lower  terrace,  the  position  of  the  t^er  newly  produced  at  the  Sb  step  edge 
in  the  structure(b)  moves  to  the  direction  of  the  right  hand  side  from  the  corresponding 
crystal  lattice. 

The  next  Sb  step  growth  occurs  when  two  carbon(lD)  atoms  insert  to  the  unstabilized 
dimers  at  the  lower  terrace  in  the  structure(b).  In  this  way,  the  dimer  row  propagates  one 
more  dimer  at  the  SB  step  edge  as  shown  in  Fig.  3(c).  The  potential  energy  stabilization 
by  this  step  growth  (b)-»(c)  is  20.60eV  and  larger  than  the  step  growth  (a)-+(b),  as  shown 
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Fig.  5.  The  spatial  distributions  of  molecular  orbitals  of  the  structure  (a)  in  Fig.  4. 
(a)  LUMO,  (b)  HOMO,  (c)  the  second  HOMO. 


Fig.  7.  The  potential  energy  stabilization  following  the  Sb  step  growth. 


in  Fig.  7.  Remember  that  the  structure(c)  and  the  structuie(a)  belong  to  the  same  type(type 
I)  as  mentioned  in  section  4.3. 

It  is  concluded  that  the  Sb  step  growth  by  carbon(lD)  atoms  on  diamond  (001) 
surfaces  takes  place  by  repeat  of  a  series  of  reactions  (a)->(b)-»(c)  in  Fig.  4,  or  by  the 
alternative  dimer  formations  at  the  type  I  and  the  type  II  of  SB  steps. 


S.  The  Nucleadon  with  Catbon(^D)  Atoms  on  Diamond(001)  Surfaces 

5.1.  A  Model  Reaction  System  for  the  Sa  Step 

A  model  reaction  system  which  represents  the  Sa  step  on  the  diamond  (001)  surfaces, 
the  large  model,  was  constructed  by  replacements  of  the  carbon  atoms  shown  by  open 
circles  with  hydrogen  atoms  at  a  Sa  step  in  Ftg.  3.  The  constructed  model  reaction  system 
was  shown  in  Fig.  ?(I). 

5.2.  Elementary  Porcess  of  the  Nucleation  at  the  Sa  Step 

The  nucleation  process  at  the  Sa  step  initiates  as  a  dimer  formation  on  the  nx)del 
reaction  system  of  Fig.  8(1).  The  dimer  is  successfully  produced  at  the  center  of  the 
reaction  system  (Fig.  8(11))  as  the  minimum  of  the  potential  energy  hypersurface  of  the 
system.  The  structure  of  the  newly  produced  dimer  in  Fig.  8(11)  is  very  similar  to  that  of 
the  dimer  at  tiie  Sb  step  edge  in  Fig.  3(a);  i.e.,  these  dimers  have  the  same  bond  distance 
1.559A. 

The  spatial  distributions  of  the  HOMO  and  the  LUMO  of  the  newly  generated  dimer  of 
Fig.  8(11)  arc  very  similar  tc  each  other  (Fig.  9).  They  look  like  o-typc  dangling  bonds 
standing  at  both  sides  of  the  dimer.  This  spatial  distribution  like  a  o-t)^  dangling  bond  of 
the  LUMO  and  the  second  HOMO  of  the  structure  in  Fig.  4(a)  contribute  to  the  Sb  step 
growth  as  presented  in  section  4.4.  For  these  reasons,  we  can  consider  that  the  newly 
formed  dimer  at  the  central  part  of  the  reaction  system  in  Fig.  8(11)  is  the  nucleus  which 
serves  as  the  Sb  step  type  I.  The  spatial  distributions  of  the  HOMO  and  the  LUMO  in 
Fig.  9  indicate  that  ^e  Sb  step  type  I  of  e  dimer  row  is  generated  at  the  both  sides  of  the 
nucleus.  Therefore,  the  dimer  row  growth,  which  takes  place  at  the  Sb  step  edge 
investigated  in  section  4,  starts  from  the  nucleus  along  the  Sa  step  edge  to  both  sides  as 
shown  in  section  6.  This  is  the  mechanism  of  the  Sa  step  grov^. 

The  potential  energy  stabilization  follovring  the  nucleation  process  is  13.81eV  (Fig.  10) 
which  is  very  similar  to  the  stabilization  eno'gy  13.66eV  obtained  in  the  growth  of  Sb  step 
type  I,  but  smaller  than  the  mean  value  (I7.1^V)  of  the  stabilization  energies  generated  in 
the  successive  growths  of  Sb  step  type  I  and  type  II  (Fig.  6). 


6.  The  Sa  Step  Growth  on  (001)  Surfaces  of  Dianiod  with  Carbon  (^D)  Atoms 

6.1.  The  Sa  Step  Structures  Appearing  during  the  Epitaxial  Growth 

In  the  model  reaction  system  of  Fig.  8(1),  the  bond  len^s  of  the  dim^  of  the  top 
layer  have  substantially  the  sattK  value  althoughs  the  center  dimers  are  0.(X)4A  shcater  than 
others.  The  value  of  1.436A  is  the  same  one  that  appeared  in  the  dimers  on  the  lower 
terrace  at  the  Sb  step  type  I  in  Fig.  4(a).  The  nucleus  produced  on  the  center  dimers  of  the 
reaction  system  is  a  dimer  whose  bond  length  is  1 .559A  (Fig.  8(11)).  This  bond  length  is 
the  same  value  as  that  in  the  Sb  step  type  I  of  Fig.  4  (a). 
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Fig.  9.  The  spatial  distributions  of  molecular  orbitals  of  the  structure  I  in  Fig.  8. 
(a)LUMO,(b)HOMO 
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Fig.  10.  The  potential  energy  stabilization  following  the  Sa  step  growth. 


One  step  propagation  from  the  nucleus  generates  the  Sb  step  type  n  as  shown  in  Fig. 
8(in).  Here,  we  can  find  the  characteristic  of  the  SB  step  type  II  of  Fig.  4(b)  in  the 
structures  of  Ae  newly  produced  dimer  and  the  dimers  on  the  lower  terrace.  One  more 
step  propagation  to  the  left  hand  side  generates  two  step  edges  of  the  Sb  step  type  H  as 
shown  in  Fig.  8(IV).  The  bond  length  of  the  dimer  at  the  Sb  step  type  II  is  ~1.43A  and 
those  of  the  dimers  on  the  lower  terrace  is  -1.7 A.  This  rule  is  true  in  the  structures  of  Fig. 
8(ni),  fIV),  (VI)  as  well  as  Fig.  4(b).  The  dimer  of  the  Sb  step  type  I  has  a  longer  length 
(~1.56A)  than  that  (~1.43A)  of  the  Sb  step  type  n.  This  rule  is  verified  in  the  structures 
of  Fig.  8(11),  (HI),  (V),  and  (VI)  as  well  as  Fig.  4(a)  and  (c). 

6.2.  Elementary  Process  of  the  Dimer  Row  Growth  Starting  from  the  Nucleus. 

The  first  step  of  the  dimer  row  gpwth  starting  fiom  the  nucleus  is  followed  by  the 
remarkable  stabilization  of  the  reaction  system  as  shown  in  Fig.  10.  TTie  stabilization 
energy  of  16.24eV  is  much  larger  than  the  usual  Sb  step  growth  of  type  I  (13.66eV  in 
Figs.  7  and  10).  This  remarkable  stabilization  originates  from  the  large  displacement  of 
the  utmost  layers  from  the  crystal  lattice  as  shown  in  Fig.  8(III).  A  strain  energy  arisen 
from  keeping  the  crystal  structure  is  relaxed  in  this  structure.  For  this  reason,  the  next 
propagation  to  the  left  side  releases  a  small  amount  of  energy  (13. 19eV;  Fig.  10)  where  the 
crystal  structure  is  recovered  in  the  utmost  layer  (Fig.  8(IV)) 

The  one  side  propagation  in  two  steps  to  the  right  hand  side  from  the  nucleus  (Fig. 
10(V))  produces  the  r^l  Sb  step  type  I  of  Fig.  4(a).  The  stabilization  energy  from  the 
structure  V  to  VI  in  Fig.  10  is  p.66eV  which  exactly  equals  the  energy  released  in  the 
growth  of  Sb  step  type  I  (see  Fig.  7).  The  bond  lengths  of  the  dimers  corresponding  to 
the  Sb  step  type  I  in  the  structure  of  Fig.  8(V)  have  also  exactly  the  same  value  as  that  of 
the  Sb  step  type  I  in  Fig.  4(a). 

The  both  sides  propagations  from  the  nucleus  produce  two  step  edges  of  the  Sb  step 
type  II  (IV  in  Fig.  10).  One  side  propagation  from  the  structure  IV  to  VI  generates  the 
stabilization  energy  of  20.88eV  which  is  slightly  larger  than  the  energy  liberated  in  the 
growth  of  the  Sb  step  type  II  of  Fig.  7(b).  However,  the  growth  of  the  Sb  step  type  II 
from  the  structure  III  to  V  in  Fig.  10  generates  smaller  stabilization  energy  (20.4  leV) 
which  may  be  affected  by  the  remarkable  stabilization  of  16.24eV  in  the  formation  of  the 
structure  IB. 
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Growth  from  Acetylene  on  the  Diamond  (XIO)  Surface 
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Abstract 

We  have  proposed  a  detailed  chemical  kinetics  mechanism  for 
addition  of  CtHi  to  a  (110)  diamond  surface,  which  is  the  fastest- 
growing  face.  The  model  contiuns  no  adjustable  parameters  and 
is  based  on  the  hypothesis  that  diamond  surface  chemistry  may 
be  understood  in  analogy  with  gas  phase  hydrocarbon  chemistry. 

We  calculated  a  growth  rate  of  0.03  /im/hour,  which  gives  approx¬ 
imate  agreement  with  experiments  suggesting  we  have  a  feasible 
mechanism  for  growth  on  (110)  surfaces. 

Introduction 

Recently,  we  proposed  an  approach  for  modeling  and  predicting  the  growth  rate 
of  diamond[l]  which  assumes  that  the  chemistry  of  diamond  surfaces  is  funda¬ 
mentally  similar  to  the  very  well-known  chemistry  of  hydrocarbon  molecules.  We 
then  proposed  a  simple  chemical  kinetics  mechanismfl]  with  CS3  as  the  growth 
species[2,3,4]  which  accurately  predicts  the  growth  rate[l]  as  well  as  its  pressure- 
and  composition-dependence[5]  in  filament-assisted  CVD  systems.  In  this  paper 
we  examine  growth  on  the  (110)  diamond  surface,  'vhich  is  the  fastest-growing 
surface[6].  Sites  with  (110)  character  are  also  found  at  steps  and  kinks  on  other 
low  index  laces.  Noting  that  there  is  now  direct  experimental  evidence  showing 
that  diamond  can  be  grown  from  acetylene[4],  we  analyze  growth  on  the  (110) 
surface  with  the  assumption  that  CtH2  is  the  growth  species.  Huang,  Frenklach, 
and  Maroncelli  (HFM)  previously  propoBed[7]  a  different  mechanism  to  describe 
the  conversion  of  C2H3  to  diamond,  but  our  thermochemical  analysis  showed  that 
the  proposed  HFM  mechanism  does  not  lead  to  diamond  formation[8].  In  this 
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work  we  propose  a  new  mechanism  which  is  consistent  with  the  themochemical 
principles  observed  with  gas  phase  hydrocarbon  chemistry  and  which  can  account 
for  a  significant  fraction  of  diamond  growth  in  cases  where  the  CtHi  concentration 
is  relatively  high  [4]. 

Analysis 

To  construct  a  detailed  kinetics  mechanism  that  describes  diamond  growth  we 
need  a  series  of  elementary  reaction  steps  making  up  a  mechanism,  rate  constants 
k  for  each  step  in  the  mechanism,  an  estimate  for  the  Gibbs  free  energy  change 
AG  for  each  reaction  in  the  mechanism  in  order  to  calculate  rat*  constants  for 
reactions  proceeding  in  reverse  directions,  and  gas  phase  species  concentrations. 


Table  I 


REACTION 

k. 

AGijoo/f 

6.0  X 

-20.1 

2.  + 

1.0  X  10‘» 

-63.1 

3.  RHi  +  fffj)  5=^  RjH]  4-  S^g) 

1.3  X 

-15.7 

4.  N3N2  +  S(g)  ^  RS3 

2  X  10*® 

-58.1 

5.  II2H2  +  Cf2S2{g)  ^  ^ 

8.1  X  io*'>e-"'»/“’ 

-40.0 

6.  VHt  +  S^VRH  +  Hug^ 

2.5  X  i0*«e-raoo/Kr 

-21.0 

7.  VRH  +  JI(,,  VH~ 

1.0  X  10*® 

-62.8 

8.  V RH  +  V JZ2  + 

1.3  X  io*«e-^®«®/"’ 

-20.4 

9.  VR2  +  H^g)  w*  VRS 

2  X  10*» 

-53.4 

10*  V Il2  +  C'2^2(f}  ^  ^ 

8.1  X  io*Oe-”“»/^ 

-23.7 

11.  V3  +  H^g^^VE 

9.5  X  io*»e-»*'>®/”’ 

+5.1 

12.  VE  ^  CtR 

1  X  l0*»e-”®®/**’ 

-22.9 

13.  CiR  +  H{g)  *=*  Cj 

1  X  10*® 

-63.2 
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Reaction!  and  Structures 

In  order  to  calculate  strain  energies  and  steric  repulsions  on  the  diamond  (110) 
surface,  we  took  as  our  model  compound  a  3.8  A  thick  diamond  slab  containing  130 
carbon  atoms  with  a  hydrogenated  11.5  by  11.5  A(llO)  face.  Use  of  large  model 
compounds  is  a  requirement  if  strain  energies  are  to  be  calculated  accurately.  This 
is  because  the  calculation  must  take  into  account  the  fact  that  lattice  atoms  close  to 
a  surface  reaction  site  may  move  somewhat  to  relieve  steric  repulsions,  but  it  must 
also  take  into  account  that  the  crystal  as  a  whole  is  extremely  rigid.  As  large  as 
our  model  compound  is,  we  found  that  it  would  flex  when  the  surface  was  strained 
by  reactants  with  a  great  deal  of  steric  repulsion.  Therefore,  the  67  carbon  atoms 
at  the  edges  of  the  crystal  were  flxed  at  their  lattice  positions,  which  prevented 
any  overall  flex  of  the  model  compound;  the  remaining  63  carbon  atoms  were 
allowed  to  move  in  response  to  steric  repulsions.  To  calculate  entropies  we  used  a 
smaller  crystal  consisting  of  IS  carbon  atoms  because  of  limitations  in  the  computer 
program.  Since  changes  in  the  entropy  depend  only  on  changes  in  vibrational 
frequencies,  which  are  hardly  affected  by  the  size  of  the  model  compound,  use  of 
this  smaller  model  for  the  entropy  calculations  has  almost  no  effect  on  the  results. 

For  our  mechanism  we  imagine  dividing  the  (110)  stirface  into  imits  containing 
4  surface  carbon  atoms  and  assume  growth  occurs  at  all  such  units  in  parallel. 
The  mechanism  begins  with  fully  hydrogenated  surface  units  called  R*.  In  the 
first  step  of  the  mechanism  a  surface  H  is  abstracted  by  a  gas  phase  giving 
a  stirface  radical  REz-  (R  denotes  a  Radical  site.)  RSz  can  recombine  with  a  gas 
phase  R***'  atom.  Reaction  2,  or  a  second  surface  H  can  be  abstracted.  Reaction 
3,  to  give  RzHi.  CjRj  adds  to  one  of  the  radical  sites  of  RzHj,  and  the  free 
radical  end  of  the  added  CjRj  quickly  attaches  to  the  other  radical  site.  The 
result  is  an  adsorbed  vinyl  structure  called  VHz,  where  the  two  added  carbons 
from  CzHz  are  now  connected  to  each  other  by  a  double  bond.  An  analogous 
series  of  steps  leads  to  the  addition  of  the  second  vinyl  group  giving  Vz.  The  final 
series  of  reac.I.r*  then  connects  the  two  vinyl  groups,  resulting  in  4  carbon  atoms 
bound  to  each  other  with  single  bonds:  In  Reaction  11  an  R*”'  adds  to  one  end 
of  one  of  the  vinyl  groups  which  changes  it  to  an  Rthyl-like  secondary  radical  and 
makes  the  surface  structure  into  VE.  This  ethyl  radical  attacks  the  nearer  end 
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of  the  remainlcg  vinyl  group  in  Reaction  12,  joining  all  four  carbons  in  a  butyl 
radical-like  structure  which  can  add  a  H*'*  to  give  the  final  hydrogenated  4-carbon 
structure  C4.  Following  Goodwin[9],  we  note  that  formation  of  C4  is  equivalent 
to  forming  a  new  structure.  C4-type  structures  form  in  parallel  all  across  the 
surface,  and  these  C4  groups  rapidly  link,  giving  a  new  (110)  layer,  through  a 
series  of  hydrogen  abstraction  and  radical  recombination  reactions,  which  are  very 
fast  compared  to  the  acetylene  addition  reactions  required  to  form  C4.  Therefore, 
completion  of  a  new  diamond  “layer”  proceeds  at  the  rate  at  which  C4  is  formed. 
2.  Thermochemical  quantities 

Thble  II 


SPECIES 

kcal/mole 

^bond 

kcal/mole 

S 

cal/mole-K 

0.0 

0.0 

0.0 

RS3 

-0.6 

41.6 

2.8 

0.2^2 

1.45 

83.3 

3.7 

VSi 

9.7 

33.9 

14.4 

VRH 

7.9 

75.6 

16.5 

VRj 

6.S 

117.2 

18.4 

V2 

28.9 

68.0 

27.4 

VE 

40.8 

86.8 

35.9 

BR 

32.6 

65.4 

30.3 

C4 

35.7 

22.3 

28.4 

— 

56.6 

34.3 

— 

6.4 

41.1 

CtHr 

— 

66.6 

67.1 

According  to  the  principle  of  group  additivity  [10],  the  heat  of  formation  H/ 
of  a  species  can  be  decomposed  into  a  bond  enthalpy  and  a  strain  energy 
Ertrain,  which  comes  from  steric  repulsion  between  the  atoms.  We  used  the  group 
additivity  scheme  of  Benson[10],  corrected  for  more  recent  values  of  the  C-S  bond 
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dissociation  energies[ll],  to  estimate  changes  in  bond  enthalpy  for  each  reaction  at 
1200  K;  and  the  MM3  molecular  mechanics  force  field[12]  to  estimate  E^rtin  fo' 
each  of  the  structures  we  used.  Results  are  shown  in  Table  II. 

Since  only  changes  in  enthalpy  are  important,  all  quantities  are  referenced  to 
Ei,  We  e.stimate  the  uncertainty  in  the  calculation  for  AE  which  is  defined  as 
^Eiond  +  ^Etiraint  about  1  kcal/mole[12]. 

Calculated  entropies  for  each  compound  in  our  mechanism  are  shown  in  Table 
II,  with  an  estimated  uncertainy  of  around  0.3  cal/mole-deg[12].  The  change  in 
the  Gibbs  free  energy  for  each  reaction,  shown  in  Table  I,  is  calculated  from 

AG  =  AE-TAS.  (1) 

Uncertainty  in  AG  is  estimated  at  less  than  2  kcal/mole,  which  corresponds  to 
an  uncertainty  in  a  reverse  rate  constant  of  around  a  factor  of  2.  We  note  that 
although  AG  is  evaluated  at  1200  K,  AG  cun  be  estimated  at  nearby  temperatures 
using  Eq.  1  because  the  temperature  dependences  of  AE  and  AS  tend  to  cancel 
in  that  equation. 

3.  Rate  constants 

Rate  constants  used  in  our  analysis  are  shown  in  Table  I.  Since  there  are  no 
experimental  measurements  for  these  gas-surface  reactions,  we  assume  that  we  can 
use  data  &om  gas  phase  alkane  chemistry  in  order  to  estimate  values  for  gas-surface 
reactions.  Our  critical  assumption  is  that  the  reaction  cross  section  <r,  per  surface 
site  is  equal  to  reaction  cross  section  Vg  per  equivalent  tite  in  a  prototype  gas  phase 
reaction. 

This  method  for  estimating  k,  differs  importantly  &om  that  proposed  previ¬ 
ously  by  Frenklach  and  Wang[13]  who  assumed  that  the  reaction  probability,  7, 
rather  than  the  reaction  cross  section,  is  transferable  from  gas  phase  to  gas-surface 
reactions.  7  is  defined  as  the  reaction  rate  divided  by  the  collision  rate.  There¬ 
fore,  evaluating  7,  and  7,  involves  estimating  the  collision  cross  section  or  "size” 
of  a  molecule  or  of  a  surface  site.  However,  the  size  of  a  molecule  depends  on  the 
prototype  reaction  chosen,  and  the  size  of  a  surface  site  is  not  necessarily  a  well 
defined  concept.  Frenklach  and  Wang[13]  define  the  size  of  a  surface  site  to  be  the 
inverse  of  the  surface  site  density.  This  implies  that  the  reactivity  of,  for  example. 
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a  given  C-H  bond  depends  sensitively  on  how  far  away  neighboring  C-E  sites  are. 
Although  in  principle  this  is  conceivable,  there  is  no  precedent  in  alkane  chenoistry 
for  such  a  dependence.  In  fact,  experiment  shows  that  the  rate  constant  per  site 
does  not  depend  on  the  density  of  reactive  sites  in  those  molecules.  That  Frenklach 
and  Wang  calculate  values  for  k,  about  two  orders  of  magnitude  smaller  than  ours 
is  due  primarily  to  the  particular  choices  they  made  for  molecular  and  surface  site 
sizes. 

4.  Concentrations 

In  this  work  we  use  =  2.7  X  moles/cm’,  which  was  determined 

by  Harris  and  Weiner[14]  from  measurments  and  from  modeling  of  their  filament 
assisted  growth  system.  By  assuming  that  CH4  +  H  =  CHj  +  Hj  is  in  partial 
equilibrium  they  estimated  [H^]  =  3.5  X  10~*  moles/cm*.  However,  Goodwin[9,15] 
has  pointed  out  that  our  mechanism  predicts  that  gas-surface  reactions  undergone 
by  are  so  fast  that  its  concentration  at  the  surface  is  lowered  by  around  a 
factor  of  7.  Thus,  we  take  [H***)  =  5.0  x  10“*®.  However,  we  will  also  examine  the 
dependence  of  the  growth  rate  on  [H']  and  [C}Ha]  over  several  orders  of  magnitude. 

Discussion 


1.  Results  of  the  Model 

The  hydrogen  abstraction  and  addition  reactions  reach  steady  state  in  about 
50  microseconds,  but  steady  state  growth  is  not  reached  for  about  20  seconds. 
The  long  induction  time  is  the  result  of  the  relatively  slow  reactions  involved  in 
acetylene  addition.  Because  the  hydrogen  abstraction  and  addition  reactions  are 
so  fast  compared  to  the  acetylene  addition  reactions,  reactions  which  link  neigh¬ 
boring  B  groups  are  fast  compared  to  their  rate  of  formation.  Once  steady  state 
is  reached,  our  calculations  predict  a  growth  rate  of  0.03  /im/hr  with  an  estimated 
uncertainty  of  around  an  order  of  magnitude.  Considering  that  experimentally 
measured  growth  rates  in  filament-assisted  systems  are  typically  in  the  range  0.1  - 
1.0  /im/hr,  we  have  shown  that  our  mechanism  is  a  feasible  pathway  for  contribut¬ 
ing  significantly  to  diamond  growth  on  (110)  faces  or  at  other  (llO)-like  sites  which 
can  be  present  at  step  and  kink  sites  on  other  faces. 
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Our  modd  allows  us  to  predict  the  rdatire  amounts  of  different  spedes  on  the 
(110)  surface  under  steady  state  growth  conditions.  We  find  that  about  half  of  the 
topmost  surface  C  atoms  are  hydrogenated,  with  a  hydrogen  atom  coverage  0b  of 
0.53  monolayers  (ML),  while  the  total  surface  radical  coverage  is  Og  =  0.20  ML.  Of 
these,  about  20%  have  a  ndghboring  radical  site,  making  Om  =  0.04  ML.  These 
results  contrast  with  suggestions  sometimes  made  that  finding  two  ndghboring 
radical  sites  is  very  unlikdy.  Interestingly,  there  is  a  very  high  coverage  of  adsorbed 
vinyl  groups  {By  =  0.26  ML).  Since  each  vinyl  occupies  two  surface  H  sites,  this 
value  represents  roughly  1/2  of  the  maximum  amount  of  vinyl  which  cotdd  adsorb 
on  the  surface.  This  high  coverage,  which  is  due  in  part  to  the  strong  bonds  formed 
by  sp*  carbons,  may  well  be  observable  spectroscopically. 

There  is  no  simple  steady-steady  formula  which  describes  the  growth  rate  over 
a  significant  range  of  possible  CtBt  and  H  concentration  ranges.  Instead,  we  plot 
the  calculated  growth  rate  vs.  [CtS^]  (Pig.  la)  and  [JT]  (Pig.  lb).  The  growth 
rate  is  first  order  in  C^Et  over  a  very  wide  range  of  CtEt  concentrations,  but  at 
the  rdatively  high  H  atom  concentrations  which  are  prevelant  in  filament  assisted 
growth  system,  the  reaction  is  sero  order  in  H.  There  is  a  very  strong  dependence 
on  H  atom  concentration  below  about  10'^**  moles/cc. 

CJHJ=«.7C-t0«0lIVCC  H  «  5.CIC-B  MOUSi/CC 


2.  Comparison  to  Previous  Models 

Diamond  growth  has  been  modeled  by  several  other  groups  beginning  with 
Tsuda  et  al.[16,17],  who  examined  an  ionic  mechanism.  Neutral  mechanisms,  ap¬ 
propriate  for  filament-assisted  systems,  have  been  proposed  by  FVenklach  and  co- 
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worker8[7,13,18]  for  CtHt  addition  and  by  Harrisfl]  for  CH^  addition.  The  C^Si 
addition  mech  uiism  of  HFM[7]  has  some  similarities  with  the  one  proposed  here. 
Both  mechanisms  propose  CjlTi  as  the  growth  species,  and  both  propose  addition 
to  (llO)-like  sites.  However,  there  are  also  critical  differences  (beyond  the  use  by 
HFM  of  reaction  probabilities  rather  than  reaction  cross  sections [13]). 

1.  The  individual  steps  are  completely  different.  The  HFM  mechanism  be^ns 

with  CjHj  addition  to  RH^  followed  by  a  complex  series  of  atom  rearrangements 
on  the  surface  to  give  a  secondary  surface  radical  with  only  single  bonds.  There 
is  then  a  short  radical  chain  mechanism  as  a  second  CtHt  adds  at  the  radical  site. 
The  chain  ends  when  a  hydrogen  atom  is  expelled.  In  contrast,  the  mechanism 
proposed  in  Table  I  adds  CjHj  at  the  di-radical  site  there  are  no  atom 

rearrangements  on  the  surface;  the  mechanism  for  C3H2  addition  is  not  a  radical 
chain;  and  the  mechanism  ends  with  H  atom  recombination. 

2.  CiHi  addition  is  taken  by  HFM[13]  to  be  irreversible;  that  is,  the  rate 
constant  for  CtEj  desorption  is  set  identically  to  zero.  (In  contrast,  HFM  assign  a 
large  rate  constant  to  CH3  desorption,  which  explains  their  conclusion  that  CjHi 
addition  is  more  effective  for  diamond  growth  than  CH3  addition.)  According  to 
our  method  of  analysis,  the  HFM  mechanism  is  not  a  feasible  pathway  to  diamond 
formation  because  the  addition  step,  in  which  C2H3  adds  to  a  surface  radical  site 
yielding  a  another  surface  radical  site,  is  only  mildly  exothermic  but  has  a  very 
negative  A5.  As  a  result,  AG  is  not  sufficiently  favorable  to  permit  the  HFM 
mechanism  to  proceed.  In  contrast,  our  mechanism  adds  C2S2  to  a  dt-radical, 
which  is  a  very  high  energy  species,  and  the  addition  reaction  replaces  the  di- 
radical  site  with  a  stable  structure.  This  step  is  so  exothermic  that  the  negative 
A5  is  overcome  and  the  growth  process  becomes  favorable. 

3.  The  HFM  mechanism  provides  a  model  not  only  for  diamond  growth  but  also 
for  formation  of  sp’  carbon.  We  have  not  attempted  to  incorporate  sp*  chemistry 
in  our  models. 


Conclusions 

We  have  proposed  a  detailed  chemical  kinetics  mechanism  for  addition  of  C2H2 
to  a  (110)  diamond  surface.  The  model  contains  no  adjustable  parameters  and  is 
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based  on  the  hypothesis  that  chemistry  on  the  diamond  surface  may  be  understood 
in  analogy  with  the  chemistry  of  gas  phase  hydrocarbon  molecules.  We  have  calcu¬ 
lated  a  growth  rate  of  0.03  /xm/hour,  which  is  within  about  an  order  of  magnitude 
of  experimentally  measured  growth  rates.  We  conclude,  therefore,  that  this  is  a 
feasible  mechanism  to  account  for  growth  on  this  surface  or  at  steps  or  Idnks  on 
other  surfaces  where  110-like  sites  may  be  found.  The  critical  surface  species  in  this 
mechanism  is  the  di-radical  RiHt,  which  is  present  at  significant  concentrations, 
according  to  our  model.  We  find  that  growth  is  first  order  in  CtSi  and  near-zero 
order  in  H  over  a  wide  range  of  concentrations  and  that  addition  of  the  second 
CiSi  molecule  is  the  rate  limiting  step.  The  rate  that  we  calculate  is  most  sensi¬ 
tive  to  the  rate  constant  for  CtHt  addition,  but  also  depends  strongly  on  the  ratio 
of  the  B  abstraction  and  recombination  rate  constants.  Thermodynamics  is  most 
important  for  the  CtHt  addition  reactions.  The  rate  falls  by  an  order  of  magnitude 
when  the  calculated  value  for  Et<ram  in  Vt  is  increased  by  10  kcal.  Steady  state  is 
reached  in  20  seconds,  at  which  point  the  surface  has  a  surprisingly  high  (0.25  ML) 
concentration  of  adsorbed  vinyl  groups. 
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We  have  studied  gas  phase  chemistry  during  diamond  growth 
using  hydrocarbon/hyurogen  mixtures  in  a  filament-assisted 
CVD  reactor.  A  mass  spectrometer  was  used  to  find  the  ions 
present  during  diamond  growth.  Three  negative  ion  peaks 
resulting  from  ionization  of  the  gas  on  the  filament  surface  were 
discovered  at  masses  1, 26,  and  27  amu. 


I.  INTRODUCTION 


Low  pressure  CVD  diamond  growth  has  many  applications  (1) . 
Knowledge  of  the  chemistry  during  the  diamond  growth  process  could 
lead  to  improvement  in  diamond  quality.  Hot  filament  CVD  (HFCVD) 
growth  of  diamond  on  a  variety  of  substrates  in  H2/CH4  mixtures  at  low 
pressure  exhibits  a  growth  rate  that  depends  upon  the  electrical  bias  of  the 
substrate  (2-4).  For  example,  it  was  found  (2)  that  a  positively  biased 
substrate  produced  the  best  diamond  growth  results,  suggesting  that 
diamond  growth  iy  dependent  on  a  charged  species.  It  is  possible  that 
molecular  ions  are  an  important  participant  in  the  gas  phase  chemistry. 
The  research  goal  here  was  to  determine  the  ion  species  present  during 
HFCVD  to  better  understand  the  diamond  growth  process. 


II.  EXPERIMENTAL 


An  EXTREL  Mass  Spectrometer  was  connected  to  an  HFCVD  chamber 
for  ion  measurement.  The  arrangement  geometry  is  shown  in  figure  1. 
The  mass  spectrometer  was  operated  in  a  secondary  ion  mass  spectrometer 
(SIMS)  configuration  in  order  to  select  charged  species  only.  A  mixture  of 
1%  CH4  in  H2  was  leaked  into  the  chamW  at  pressures  limited  by  the 
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SIMS  apparatus:  10"^  to  10‘5  Torr.  A  0.10  by  0.005  by  5.08  cm  tungsten 
filament  was  resistively  heated  to  temperahxres  ranging  from  1300  to  2000  C. 

The  energy  analyzer  portion  of  the  ion  mass  spectrometer  selects  the 
energy  of  detected  ions.  The  filament  and  energy  analyzer  voltage  level 
were  matched  in  order  to  insure  that  the  ions  detected  were  from  the  region 
at  or  near  the  surface  of  the  filament. 

Three  negative  ion  peaks  were  discovered  (figure  2)  at  mass  1,  26,  and 
27  amu.  We  assign  these  peaks  as  H*  and  C2H2' :  the  peak  at  mass  27  having 
a  I’C  instead  of  at  one  of  the  C2  sites.  No  positive  hydrocarbon  ions 
were  detected.  The  C2H2‘  peak  intensities  were  constant  over  the  pressure 
range  of  lO"^  to  10‘5  Torr.  The  intensity  was  strongly  dependent  on  the 
filament  temperature  and  peaked  at  around  1430  C  (figure  3). 


m.  DISCUSSION 


Simple  surface  ionization  theory  suggests  that  the  collected  ion 
counts  should  follow  an  exponential  increase  with  increasing  temperature 
and  then  an  ion  count  saturation.  The  plot  of  log  intensity  vs  1/T  , 
however,  seems  to  indicate  two  competing  processes  leading  to  ion 
formation:  one  inaeasing  and  the  other  decreasing  the  ion  yield  (figure  3). 

The  production  of  negative  ions  at  or  near  the  filament  surface  has 
been  shown  in  two  ways:  the  ion  production  has  a  large  dependence  on 
filament  temperature  ,  and  the  ion  signal  peaked  when  the  potential  of  the 
filament  and  acceptance  energy  of  the  analyzer  were  matched.  According  to 
surface  ionization  theory,  the  ion  density  created  by  the  filament  should 
saturate  at  a  given  temperature  that  depends  on  the  pressure  of  ionizable 
gas  available.  The  fact  that  the  signal  is  independent  of  the  gas  pressure 
suggests  that  the  rate  of  C2lfe'  formation  is  determined  by  a  stable 
concentration  of  hydrocarbon  at  the  surface.  We  believe  that  at  least  one 
other  process  is  competing  with  surface  ionization,  perhaps  molecular 
breakdown. 

In  conclusion,  we  found  H-and  C2H2'  during  a  simulated  diamond 
growth  process.  We  think  these  ions  are  important  in  the  gas  phase 
chemistry  during  diamond  growth  and  certainly  in  the  hot  filament  region 
in  HFCVD.  Identification  of  the  predominant  negatively  charged  species 
helps  in  developing  a  model  for  diamond  growth. 
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Fig.  1  -  Mass  spectrometer  on  a  filament  assisted  CVD  chamber. 
The  negative  ions  are  created  at  the  filament,  extracted  by  a  lens, 
energy  analyzed,  focused,  mass  analyzed,  and  finally  detected  with 
a  dynode/electron  multiplier  arrangement. 
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Fig.  2  -  Ion  counts  per  second  when  the 
spectrometer  was  swept  over  a  50  atomic 
mass  unit  range.  The  C2H2-  counts  per 
second  peaked  at  around  a  filament 
temperature  of  1430  ^c.  We  believe  the 
peak  at  27  amu  is  C2H2-  with  one  of  the 
Carbons  having  a  mass  of  13  amu. 
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Fig.  3  -  Total  ion  counts  over  the  inverse 
filament  temperature.  The  plot  seems  to 
have  distinct  linear  portions.  Raw  data  is 
included  from  several  experiments. 
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ABSTRACT 

Thermal  desorption  spectroscopy  and  low  energy  electron  diffraction 
(LEED)  have  been  used  to  study  the  interaction  of  atomic  hydrogen  with 
the  diamond  (100)  surface.  Heating  a  diamond  crystal  in-vacua  readily 
reconstructs  the  surface  from  a  (1x1)  couRguration  to  a  (2x1)  structure. 
Unlike  the  case  for  silicon,  exposure  to  atomic  hydrogen  does  not  easily 
convert  the  surface  back  to  the  (1x1)  structure.  Hydrogen  thermal 
desorption  peaks  from  the  (2x1)  surface  exposed  to  atomic  hydrogen  at 
lxl0~'  Torr  are  seen  at  approximately  950 ‘C  for  heating  rates  of 
20*  C/sec.  After  exposure  of  the  surface  to  atomic  hydrogen  in  amounts 
in  excess  of  that  required  to  terminate  the  surface,  10~*  Torr,  thermal 
desorption  peaks  associated  with  methyl  radicab  and  acetylene  are 
observed  in  addition  to  hydrogen.  Upon  further  exposure  at  10  Torr  the 
surface  appears  to  be  partially  converted  to  a  (1x1)  structure  and  ace¬ 
tylene  desorption  features  are  no  longer  observed. 


Introduction 

Hydrogen  plays  a  key  role  in  most  diamond  growth  processes  developed  to  date. 
However,  the  details  of  the  behavior  of  hydrogen  on  the  diamond  surface  are  not  well 
understood.  It  >s  thought  to  both  etch  non— sp^  bonded  carbon,  which  may  be  depo¬ 
sited  during  the  growth  process,  and  to  stabilize  the  cubic  structure  on  the  growing  dia¬ 
mond  surface  by  terminating  dangling  bonds.  Previous  studies  of  hydrogen  interactions 
on  diamond  indicate  that  hydrogen  desorbs  from  the  surface  at  approximately  900  *0 
(1,2).  Typically,  researchers  find  that  heating  the  diamond  to  approximately  1000  *C 
results  in  the  (1x1)  surface  structure  converting  to  the  (2x1)  surface  structure  (2,3). 
One  might  expect,  as  in  the  case  of  silicon,  the  surface  would  convert  back  to  the  (1x1) 
state  upon  exposure  to  atomic  hydrogen.  Hamza  et  al.  have  observed  the  transition 
back  to  a  (1x1)  conHguration  on  exposure  to  atomic  hydrogen  but  Find  that  on  subse¬ 
quent  annealing  the  (2x1)  surface  is  not  recovered  (2). 

In  the  present  work  thermal  desorption  spectroscopy  and  LEED  were  used  to 
study  interactions  of  atomic  hydrogen  with  the  diamond  (100)  surface.  Transitions  from 
the  (1x1)  phase  to  (2x1)  phase  upon  annealing  and  from  the  (2x1)  phase  to  the  (1x1) 
phase  upon  exposure  to  atomic  hydrogen  were  studied  with  LEED.  Thermal  desorption 
spectroscopy  was  used  to  determine  desorption  kinetics  and  products  from  hydrogen 
terminated  surfaces. 
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Experimeotal 

Thermal  desorption  spectroscopy  and  LEBD  observations  were  performed  in  a 
stainless  steel  UHV  system.  Base  pressure  was  5xl0~^'’  Torr  for  the  sample  chamber  and 
1x10'^"  Torr  for  the  quadrupole  chamber.  The  sample  chamber  was  separated  from  the 
quadrupole  chamber  by  a  2mm  diameter  aperture.  Sample  heating  was  accomplished  by 
clipping  the  crystals  to  a  0.25mm  thick  molybdenum  resistive  strip  beater.  All  parts 
associated  with  the  heater  stage,  including  the  clamps  and  current  leads  were  manufac¬ 
tured  from  molybdenum..  The  sample  temperature  was  measured  by  a  0.12Smm  diame¬ 
ter  chromei/alumel  thermocouple  in  intimate  contact  with  the  crystal.  The  thermocou¬ 
ple  was  threaded  through  a  hole  in  one  corner  of  the  crystal,  and  the  thermocouple 
bead  then  held  in  tension  against  the  crystal.  Two  (100),  5mmx5mmx0.25mm,  diamond 
crystals  were  used  in  the  course  of  the  present  study.  One  of  the  crystals  had  approxi¬ 
mately  .5  microns  of  homoepitaxial  diamond  deposited  prior  to  insertion  into  the  sys¬ 
tem.  Diamond  polishing  of  the  substrates  leaves  fine  scratch  marks  on  the  surface, 
which  previous  work  has  shown  can  be  covered  by  deposition  of  a  homoepitaxial  film 
(4).  The  homoepitaxial  diamond  was  grown  with  an  rf  discharge  plasma  CVD  process 
using  CH4  in  Hj  as  feedstock.  The  uncoated  samples  were  cleaned  by  hand-polishing 
with  0.25  micron  diamond  grit  and  water.  Following  the  polishing,  the  samples  were 
ultrasonically  cleaned  in  two  series  of  baths  of  TCB,  acetone,  and  methanol.  Between 
solvent  bath  series  the  samples  were  vigorously  swabbed  to  remove  particulates.  Once 
the  samples  were  introduced  to  the  chamber,  no  additional  cleaning  was  performed 
aside  from  thermal  desorption  of  adsorbed  species.  Several  pressure  regimes  were  used 
in  dosing  with  atomic  hydrogen,  which  necessitated  slightly  diH'erent  procedures.  For 
samples  dosed  at  pressures  from  1x10“^  Torr  to  lxl0“*  Torr,  the  hydrogen  was  flowing 
through  the  system.  Samples  were  abo  dosed  at  pressures  of  10“*  Torr-10"*  Torr  and 
1-10  Torr.  For  these  samples  the  main  chamber  was  sealed  and  hydrogen  was  admitted 
to  the  desired  pressure.  In  all  cases  atomic  hydrogen  was  generated  via  a  tungsten  nia^ 
ment  operating  at  a  temperature  of  approximately  1500 '  C.  The  sample  was  positioned 
approximately  2  cm.  from  the  Hlament  during  dosing.  The  sample  was  not  actively 
cooled  and  at  the  lowest  dosing  pressures  remained  at  room  temperature.  At  dosing 
pressures  in  the  1-10  Torr  range  the  sample  temperature  rose  to  approximately  125  *  C. 
All  thermal  desorption  spectra  were  taken  with  a  heating  rate  of  20 '  C/sec. 

Results 

The  surface  structure  of  the  sainples  was  monitored  with  LEBD  immediately  after 
introduction  to  the  chamber,  after  dosing,  and  after  thermal  desorptions.  All  samples 
exhibited  a  1,EED  pattern  without  annealing.  For  most  samples  this  was  a  (1x1)  confi¬ 
guration.  The  one  exception  was  the  homoepitaxial  sample  which  gave  a  (2x1)  pattern. 
Since  this  sample  remained  at  the  growth  temperature,  800-900  ’  C,  while  the  plasma 
and  the  gasses  were  shut  off,  it  is  likely  that  surface  hydrogen  simply  desorbed  and  con¬ 
sequently  the  surface  reconstructed  before  the  sample  was  removed  from  the  growth 
chamber.  Upon  annealing  to  800*C-1000*C  and  for  times  ranging  from  5  seconds  to 
120  seconds,  all  samples  exhibited  some  degree  of  reconstruction  to  the  (2x1)  conHgura- 
tion.  Annealing  at  temperatures  greater  than  approximately  1100  *G  usually  resulted  in 
a  degradation  of  the  LEBD  pattern.  Typically,  the  second  order  spot  intensity  was 
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reduced,  and  the  background  intensity  increased.  In  these  cases  first  order  spot  inten¬ 
sity  usually  remained  strong.  The  quality  of  the  (2x1)  LESD  patterns  obtained  upon 
annealing  samples  varied  considerably,  and  no  consistent  trends  were  observed  to 
account  for  the  variability. 

Samples  exhibiting  good  reconstructions  were  then  exposed  to  atomic  hydrogen  in 
an  attempt  to  convert  the  surface  back  to  a  (1x1)  configuration.  Three  pressure  regimes 
were  investigated;  10”*-10~*  Torr,  10~*-10~*  Torr  and  1-10  Torr.  Only  at  the  highest 
pressures  studied  were  we  able  to  partially  convert  the  surface  back  to  a  (1x1)  state. 
Samples  exposed  to  atomic  hydrogen  at  the  maximum  pressure  showed  only  very  faint 
second  order  spots.  Annealing  of  these  samples  to  1000  *  C  restored  the  (2x1)  configura¬ 
tion.  At  the  two  lower  pressure  regimes  studied  little  if  any  change  was  seen  in  the 
(2x1)  LEED  patterns  upon  addition  of  atomic  hydrogen. 

Given  the  difficulty  in  converting  the  si.irface  back  to  a  (1x1)  configuration,  all 
thermal  desorption  spectra  were,  perforce,  from  surfaces  that  had  an  indefinite  degree 
of  surface  reconstruction.  The  three  dosing  regimes  used  in  the  LEED  study  were  also 
used  in  the  thermal  desorption  studies.  Of  the  masses  monitored  during  the  course  of 
the  study,  (2,13,14,15,16,18,26,27,28,  and  44),  desorption  peaks  were  seen  only  for 
masses  2,15,  and  26. 

Figure  1  shows  a  series  of  hydrogen  desorption  spectra  taken  from  a  hydrogen 
dosed  natural  diamond  surface.  The  sample  was  subjected  to  atomic  hydrogen  doses  at 
fixed  pressures  and  for  a  series  of  increasing  times.  A  single  desorption  peak  is  evident 
at  900  *  C.  Figure  2  shows  a  similar  series  of  hydrogen  thermal  desorption  traces  for  the 
CVD  homoepitaxial  sample  dosed  at  a  pressure  of  3xl0~*  Torr.  In  this  case  two  closely 
spaced  hydrogen  desorption  peaks  can  be  seen  at  000 ‘C  and  at  1000 ‘C.  It  is  apparent 
from  both  figures  that  extending  the  dosing  time  does  not  result  in  dramatically 
increased  amounts  of  hydrogen  desorbing  from  the  surface.  We  also  do  not  see  any  evi¬ 
dence  for  a  shift  in  the  desorption  temperature  as  the  coverage  increases.  The  next 
series  of  figures  shows  thermal  desorption  spectra  from  the  diamond  film  after 
exposure  to  atomic  hydrogen  at  the  three  pressure  regimes  used  in  the  LEED  study. 
Figure  3  shows  that  after  exposure  to  atomic  hydrogen  at  lxl0“*  Torr,  hydrogen 
desorbs  at  900  *  C  and  perhaps  a  small  amount  of  CHg,  but  little  evidence  of  CjHj.  Fig¬ 
ure  4  shows  the  sample  after  dosing  at  2xl0~^  Torr,  a  dosing  pressure  far  higher  than 
what  is  required  to  terminate  the  (2x1)  surface.  At  this  dosing  pressure  we  now  see  clear 
evidence  of  desorbing  methyl  radicals  (700 ’C)  and  acetylene  (600 ’C).  Although  the 
sample  has  received  an  atomic  hyarogen  dose  far  in  excess  of  what  is  required  to 
saturate  the  (2x1)  surface,  LEED  indicates  the  sample  is  in  fact  still  in  a  (2x1)  confi¬ 
guration.  These  two  species  are  desorbing  in  significant  quantities  compared  to  the 
hydrogen  desorption.  The  hydrogen  desorption  peak  has  broadened  considerably  after 
dosing  at  this  pressure  but  the  peak  desorption  temperature  has  not  shifted.  Figure  5 
shows  the  sample  after  dosing  at  3  Torr  for  2700  seconds.  In  this  case  the  sample  has 
lost  much  of  the  (2x1)  structure  as  seen  in  LEED  but  has  not  fully  regained  the  (1x1) 
surface  structure.  The  hydrogen  desorption  peak  has  remained  at  950  ’  C.  The  methyl 
peak  has  shifted  to  approximately  800 'C  and  the  acetylene  peak  has  virtually  disap- 
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Discussion 

Surface  reconstruction  on  the  diamond  (100)  face  has  been  reported  previously 
(2,3).  As  noted  by  these  authors,  the  reconstruction  process  was  not  always  reproduci¬ 
ble.  For  all  of  the  newly  polished  surfaces  used  in  the  present  study,  some  reconstruc¬ 
tion  was  noted  upon  annealing.  However,  as  indicated  in  the  results  section,  not  ail  sur¬ 
faces  fully  reconstructed.  Field  emission  SEM  indicates  the  starting  morphology  for  all 
the  hand-polished  surfaces  was  quite  similar.  If  surface  morphology  is  influencing  the 
reconstruction,  it  is  at  a  scale  of  less  than  lOOOA.  Hamza  et  al.  have  suggested  that 
adsorbed  oxygen  can  affect  the  ability  of  the  surface  to  reconstruct  (3).  Ex-situ  meas¬ 
urements  of  samples  show  the  presence  of  oxygen  on  the  surface,  some  or  all  of  which 
may  have  been  added  to  the  surface  during  the  air  transfer  to  the  XPS  system.  No  clear 
trend  connecting  the  quantity  of  adsorbed  oxygen  and  the  quality  of  the  reconstruction 
was  observed.  Other  contaminants  below  the  detection  limit  of  XPS  remain  a  possibil¬ 
ity.  Annealing  at  temperatures  higher  than  required  to  establish  the  (2x1)  structure 
appears  to  degrade  the  surface.  The  (1x1)  pattern  is  still  apparent  but,  as  an  increase  in 
the  background  is  observed,-  it  is  likely  that  the  surface  is  becoming  disordered  and  the 
(1x1)  pattern  is  from  the  bulk. 

Conversion  of  the  (2x1)  surface  structure  back  to  the  original  (1x1)  structure 
appears  very  difficult.  Extended  dosing  at  high  pressures  is  only  partially  successful  at 
restoring  the  surface.  In  contrast,  silicon  (100)  samples  in  the  same  chamber  and  under 
identical  dosing  conditions  readily  convert  from  the  (2x1)  state  to  the  (1x1)  state  at  dos¬ 
ing  pressures  of  1x10“*  Torr  and  at  dosing  times  on  the  order  of  1000  sec.  For  diamond 
samples  in  this  pressure  regime,  we  do  not  see  conversion  even  after  2000  seconds  at 
5xl0~*  Torr;  a  dose  10  times  at  great  as  used  on  silicon.  This  is  not  too  surprising  as 
the  C-C  bond  strength  at  83  kcal/mole  is  much  greater  than  the  Si-Si  bond  of  46 
kcal/mole.  Cluster  calculations  by  Verwoerd  indicate  the  diamond  surface  dimer  bond 
is  very  resistant  to  attack  by  atomic  hydrogen  (5).  The  apparent  stability  of  the  dimer 
bond  may  also  help  explain  results  of  the  thermal  desorption  experiments  described 
next,  particularly  the  appearance  of  acetylene. 

It  appears  difficult  to  maintain  a  well  characterized  surface  during  the  course  of 
thermal  desorption  experiments.  The  surface  structure  is  evidently  a  function  of  sample 
history  and  it  is  difficult  to  return  to  a  standard  starting  point.  In  the  case  of  the  ther¬ 
mal  desorption  experiments  there  may  be  several  sites  which  are  contributing  to  the 
hydrogen  observed.  LEED  in  this  case  is  a  very  rough  measure  of  surface  characteris¬ 
tics.  On  a  nominally  (2x1)  surface  we  find  the  hydrogen  uptake  saturates.  By  comparing 
this  with  data  obtained  from  silicon  samples  under  identical  conditions,  we  find  the 
quantity  of  hydrogen  desorbed  is  consistent  with  monohydride  coverage,  or  1  hydrogen 
per  carbon  atom.  Extended  dosing  does  not  significantly  increase  the  hydrogen  yield 
from  the  surface.  1  ne  substrate  which  had  received  the  homoepitaxial  film  showed  two 
hydrogen  desorption  peaks  only  after  film  deposition.  Before  the  film  was  deposited,  a 
single  peak  is  observed  at  900 'C.  The  desorption  temperature  does  not  appear  to  be 
coverage  dependent.  This  indicates  a  first  order  reaction  with  fixed  activation  energy.  A 
simple  calculation  using  a  standard  frequency  factor  of  10‘*  gives  an  activation  energy 
of  74  kcal/nijie,  which  is  considerably  smaller  than  the  C-H  dissociation  energy  of  104 
kcal/mole.  First  order  kinetics  are  also  found  by  Sinniah  et  al.  for  hydrogen  desorption 


from  the  monohydride  phase  on  the  silicon  (100)  surface  (6).  Along  with  first  order 
kinetics,  an  activation  energy  was  found  which  was  much  leas  than  the  dissociation 
energy  for  the  Si-H  bond. 

As  additional  hydrogen  is  added  to  the  saturated  (2x1)  surface  we  see  the  appear¬ 
ance  of  new  desorption  products,  methyl  radicals  and  acetylene.  Since  the  dimer  bonds 
resist  attack  by  atomic  hydrogen  it  may  be  possible  for  the  dimer  back  bonds  to  be 
hydrogenated.  If  one  or  two  of  the  back  bonds  were  broken  on  the  dimer  unit,  it  would 
then  be  possible  for  the  two  carbon  atoms  to  desorb  as  a  unit,  perhaps  resulting  in  the 
acetylene  production  seen.  Methyl  radicals  are  also  seen  desorbing  from  the  surface,  but 
at  a  higher  temperature.  Since  the  two  species  desorb  at  different  temperatures,  one 
expects  evolution  from  different  sites.  Mass  IS  could  be  a  fragmentation  product  of 
either  ethylene  or  ethane.  Mass  28  was  monitored  for  ethylene  species  but  given  the 
large  background  seen  at  this  mass  it  is  difficult  to  discern  a  peak.  No  significant 
desorption  products  were  seen  at  mass  27  either,  which  one  would  expect  if  large  quan¬ 
tities  of  ethylene  or  ethane  were  desorbing.  Given  the  size  of  the  hydrocarbon  desorp¬ 
tion  peaks  relative  to  the  hydrogen  peak,  it  is  clear  that  an  appreciable  fraction  of  a 
monolayer  of  carbon  is  desorbing  from  the  (2x1)  surface  after  extended  dosing.  It  is  not 
clear  what  sites  the  methyl  radicals  may  be  desorbing  from.  It  seems  likely  that  the 
methyl  radicals  are  desorbing  from  dihydride  sites. 

If  breaking  of  back  bonds  is  occurring  during  hydrogen  dosing,  it  seems  likely  that 
etching  of  the  dimer  units  is  also  occurring  on  a  continuous  basis.  If  completed,  we 
should  see  a  reduction  in  amount  of  acetylene  desorbed  from  the  surface.  At  the  highest 
hydrogen  doses  studied,  the  acetylene  does  in  fact  diminish  dramatically.  Methyl  radi¬ 
cals,  however,  are  still  seen.  Although  the  sample  has  moved  closer  to  the  (1x1)  confi¬ 
guration  as  a  result  of  the  hydrogen  dosing,  the  hydrogen  desorption  peak  remains  at 
950  *C.  If  desorption  is  occurring  by  processes  similar  to  that  on  silicon,  one  would 
expect  a  peak  to  appear  at  a  lower  temperature  corresponding  to  the  desorption  from 
the  dihydride  phase.  Hamza  et  al.  have  results  which  indicate  that  both  on  the  (100) 
and  the  (111)  face  of  diamond,  the  surface  reconstructs  after  the  hydrogen  desorbs  (2,7). 
If  there  was  little  energy  to  be  gained  by  formation  of  the  dimer  bonds  on  the  surface, 
one  would  expect  the  desorption  from  the  dihydride  and  the  monohydride  to  occur  near 
the  same  temperature. 

Conclusions 

The  clean  surface  appears  to  saturate  quite  readily  in  the  (2x1)  configuration  and 
hydrogen  desorption  from  this  phase  follows  first  order  kinetics.  Conversion  of  a  dia¬ 
mond  (2x1)  surface  back  to  the  (1x1)  configuration  by  the  addition  of  atomic  hydrogen 
is  difffcult.  It  appears  this  is  accomplished  by  hydrogenation  of  dimer  back  bonds  and 
subsequent  desorption  of  acetylene  from  the  surface  rather  than  by  breaking  of  dimer 
bonds.  Surfaces  which  show  substantial  reduction  in  the  (2x1)  surface  phase  after 
hydrogenation  also  show  considerably  reduced  desorption  of  acetylene. 
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Figure  1.  Thermal  desorption  spectra  from  natural  diamond  surfaces.  An  additional 
spectra  was  taken  after  dosing  the  sample  at  9xl0~'  torr  with  atomic  hydrogen.  The 
higher  pressure  is  comparable  to  the  dosing  pressure  used  on  the  samples  in  Figure  2. 
Note  that  although  the  dose  has  increased  by  a  factor  of  3.5  between  the  sample 
exposed  at  9xl0~*  and  the  sample  exposed  for  1500  seconds  at  2xl0~^  torr,  the  magni* 
tude  of  the  desorption  peaks  is  very  close. 
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deposited  on  natural  diamond  substrates.  In  addition  to  the  hydrogen  desorption  spec¬ 
tra  after  dosing,  a  background  spectrum  is  included  where  the  sample  was  dosed  but 
not  placed  adjacent  to  the  aperture.  _ 
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Figure  3.  Thermal  desorption  spectra  from  CVD  homoepitaxial  diamond  thin  film  after 
dosing  at  1x10  ^  torr.  The  vertical  scale  on  masses  15  and  26  has  been  magnified  by  a 
factor  of  3  to  show  detail. 
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Figure  4.  Thermal  desorption  spectra  from  CVD  diamond  Him  after  hydrogen  dosing  at 
2xl0~*  torr.  Note  the  large  increase  in  methyl  and  acetylene  production  compared  to 
Figure  3. 


3  torr.  In  this  case  the  acetylene  production  is  considerably  reduced. 


193 


GAS  PHASE  CHEMISTRY  IN  A  DIAMOND-DEPOSITING  dc-ARC-JET* 


Gregory  P.  Smith  and  Jay  B.  Jeffries 
Molecular  Physics  Laboratory 
SRI  International 
Menlo  Paric,  CA  94025 


A  model  of  the  gas  phase  chemistry  of  diamond  deposition  in  an  arc- 
jet  plasma  is  presented.  The  model  does  not  predict  a  large  enough 
methyl  radic^  concentration  to  account  for  the  observed  ^amond 
growth  rate  from  CH3  alone.  Large  superequilibrium  concentrations 
of  atomic  carbon  are  found.  More  than  half  of  the  total  carbon  in  the 
feedstock  is  found  in  polyatomic  hydrocarbon  molecules. 


Introduction 

Diamond  thin  films  have  been  produced  in  dc-arc-jet  plasmas  with  repotted 
growth  rates  which  approach  1  mm/hr  (1-6).  Such  rates  are  as  much  as  four  orders  of 
magnitude  faster  than  the  typical  growth  rates  attained  in  dc,  microwave,  and  hot  frlament 
reactors.  Recent  experiments  with  hot  filament  (7)  and  flow  (8,9)  reactors  have  indicated 
that  methyl  radical  concentrations  above  the  growing  diamond  surface  can  account  for  the 
observed  growth  rate.  Harris  (10)  has  developed  a  mechanism  for  growth  of  the 
diamond  100  surface  via  methyl  Edition.  The  hot  filament  chemistry  has  been 
extensively  modelled  (1 1-13);  these  results  show  that  the  methyl  radical  flux  to  the 
surface  can  support  growth  rates  between  0.06  and  0.6  pm/hr  with  the  Harris 
mechanism.  Such  values  are  consistent  with  the  observed  values. 

It  is  tempting  to  believe  that  understanding  the  differences  in  the  growth 
enviromiKnt  between  the  dc-arc-jet  and  hot  frlament  reactors  will  elucidate  strategies  to 
increase  the  growth  rate  for  all  the  diamond  growth  methods.  Crucial  to  this 
understanding  is  the  determination  of  the  mechanism  of  the  diamemd  film  growth.  We 
have  modelled  the  gas  phale  chemistry  in  the  dc-arc-jet  plasina  in  order  to  discern  if  the 
methyl  radical  flux  at  the  substrate  surface  is  sufficient  for  the  Harris  mechanism  to 
predict  the  measured  growth  rate. 

We  have  modelled  the  dc-arc-jet  of  Stalder  and  Sharple^s  (5)  to  take  advantage  of 
the  laser-induced  fluorescence  measurements  of  the  gas  pha^  temperature  by  Raiche, 
et  al.  (13).  This  measured  gas  temperature  is  used  as  a  boundary  condition  for  our 
chemical  mechanism.  We  ^d  that  the  reactions  of  atomic  carbon  are  quite  important  in 
this  environment.  The  primary  reaction  path  for  the  loss  of  carbon  atoms  is  aiMition  to 
rrxilecules  with  carbon-carbon  double  bonds  to  form  hydrocarbon  molecules  with  three  or 
more  carbon  atoms.  A  surprisingly  large  fraction  of  the  carbon  feedstock  is  converted  to 
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these  polyatomic  hydrocaibon  molecules  even  thou^  the  gas  residence  time  in  this 
reactor  is  quite  short.  We  do  not  predict  enough  m^yl  rascals  at  the  substrate  surface  to 
account  for  the  measured  grov;(h  rate  with  the  Harris  mechanism.  However,  Goodwin 
(14)  has  recently  considered  this  same  environment  His  results  lead  him  to  the  q)posite 
conclusion;  he  finds  enough  methyl  radicals  at  the  surface  for  a  growth  rate  consistent 
with  the  measured  value.  Differences  between  the  two  models  will  be  discussed  after 
presenting  the  results  of  our  calculations. 


Chemical  Model 

For  the  purpose  of  calculating  spatially-resolved  species  concentrations  in  the 
plasma  torch  system,  we  assembled  a  chemical  mechanism  of  IS  species  with  42 
elementary  chemical  reactions  whose  interconnecting  rate  expressions  are  integrated 
integrated  using  the  CHEMKIN  code  (IS).  Ion  chemistry  in  the  arc,  diffusion  in  the  jet 
and  boundary  layer,  and  gas  surface  chemistry  at  the  substrate  are  not  included.  To  solve 
this  constant  pressure,  varying  temperature  problem,  a  temperature  distributim  is 
imposed.  Our  temperature  profile  begins  with  3(X)  K  feedstock  gas,  rises  to  a  constant 
SOOO  K  in  the  plasma  arc  itself,  falls  to  2100  K  at  the  boundary  layer  (13),  and  1200  K  at 
the  substrate  surface  (5).  The  temperanire  in  the  arc  is  estimated  fiom  emission 
measurements  and  is  consistent  with  the  temperature  expected  in  a  fast  flow  1  kW  arc.  At 
the  position  of  the  boundary  layer  above  the  substrate,  1  cm  down  stream  from  the  nozzle 
exit  of  the  arc,  Raiche  et  al.  (13)  measured  the  gas  temperature  by  CH  laser-induced 
fluorescence.  Linear  cooling  is  assumed  between  the  arc  and  the  boundary  layer  and 
between  the  boundary  layer  and  the  substrate  surface. 

Figure  1  shows  a  schematic  view  of  the  gas  flow,  temperatures,  and  estimated  the 
residence  times.  The  measured  flow  rate  of  0.45  moles/min,  235  Torr  gas  pressure,  and 
the  geometry  of  the  arc  leads  to  an  estimate  of  1.5  ps  residence  time  in  the  arc.  The 
pressure  drop  across  the  arc  is  15  Torr,  and  the  hot  gas  exits  with  an  estimated  velocity  of 
2x10^  cm/s.  Optical  emission  measurements  show  that  the  diameter  of  the  jet  expands 
from  0.2  cm  at  the  orifice  to  0.3  cm  at  the  substrate.  The  mean  axial  velocity  between  the 
nozzle  and  substrate  is  1.7  x  10^  cm/s,  and  the  transit  time  from  the  arc  to  the  boundary 
layer  at  2100  K  is  an  additional  6  ps.  Although  these  velocities  are  large,  they  are 
subsonic  in  the  hot  hydrogen  gas. 

Near  the  stagnation  point,  we  estimate  the  thickness  of  the  boundary  layer 
5  ~VpoQ/po<a  where  p<><>  and  pw  are  the  gas  viscosity  and  density,  respectively,  a  ~  2u/R 
where  u  is  the  mean  axial  jet  velocity  a^  R  the  jet  radius.  (This  estimate  for  the 
boundary  layer  is  identic^  to  that  of  Goodwin  (14),  although  we  find  a  -  4  x  10^/s 
where  he  used  a  -  10®/s.)  This  leads  to  a  boundary  layer  thickness  of  0.007  cm  for  this 
fast  flow  condition.  We  estimate  a  diffusion  time  of  22  ps  fiom  the  top  of  the  boundary 
layer  to  the  substrate. 

It  should  be  emphasized  that  the  purpose  of  this  calculation  is  not  to  simulate  the 
precise  physics  and  chemical  profiles  in  the  boundary  layer.  It  is  rather  to  determine 
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which  carbon-containing  species  could  be  present  in  sufficient  quantities  at  the  surface  of 
the  substrate  to  account  for  the  observed  diamond  growth  rate.  Thus,  our  goal  is  to 
assess  vvhether  significant  gas  phase  reactions  are  likely  in  the  boundary  layer  region 
when  the  time  scale  involved  is  dominated  by  thickness  and  diffusion. 

The  reactions  and  their  rate  constants  used  in  the  mechanism  are  given  in  Table  1 . 
The  basic  mechanism  is  that  used  by  Frenklach  (17)  to  describe  hot-filament  reactor 
chemistry.  We  have  supplemented  this  with  chemistry  of  less  hydrogenated  species, 
drawn  from  other  sources  and  our  own  rough  estimates.  The  extensive  polycyclic 
aromatic  hydrocaibon(PAH)  mechanism  of  Irenklach  (1 1)  has  been  omitted.  However, 
we  have  represented  formation  of  PAH  precursors  by  including  a  single,  irreversible 
reaction  between  carbon  atoms  and  ace^lene  to  form  C3H  (referred  to  as  "pre-PAH"). 
Carbon  atoms  are  then  allowed  to  irreversibly  add  to  the  pre-PAH  to  form  molecules  with 
up  to  six  carbon  atoms.  All  other  reverse  rates  are  calculated  fiom  the  Sandia 
thermodynamic  data  base  (18)  through  equilibrium  constants.  For  the  critical  hydrogen 
dissociationAecombination  reactions,  the  recommendation  of  Cohen  and  Westberg  (19) 
was  followed.  Hydrogen  atom  abstraction  of  hydrogen  from  vinyl,  present  in  low 
equilibrium  amounts  from  the  major  species  acetylene  and  H,  forms  a  second  (chaperon) 
mechanism  for  this  recombination. 


Results  and  Discussion 

Calculated  mole  fractions  versus  reaction  time  for  selected  species  ate  shown  in 
Figure  2.  In  the  arc,  methyl  radical  are  rapidly  produced  and  consumed,  and  have  a 
0.1%  mole  fraction  at  the  beginning  of  the  jet  region;  note  that  the  total  methane  in  the 
feedstock  only  has  a  mole  fraction  of  0.5%.  nie  extent  of  the  decomposition  in  the  arc  is 
exemplified  the  CH  which  has  a  concentration  exceeding  CH3  at  the  nozzle.  Both  CH 
and  C3l3  decline  in  the  jet  to  30  ppm  levels  at  the  beginning  of  the  boundary  layer. 

Atomic  carbon  and  acetylene  concentrations  increase  in  the  jet  to  significant  0.1%  levels, 
with  the  subsequent  pre-PAH  growth  also  evident.  These  trends,  particularly  for 
pre-PAH  growth,  persist  into  the  boundary  layer  simulation.  C^alculated  concentrations 
of  carbonaceous  species  other  than  C,  C2H2,  PAH,  and  CH4  arc  relegated  to  sub-ppm 
levels  at  the  substrate  surface.  No  kinetic  trends  from  the  jet  portions  of  the  model  appear 
to  be  significantly  reversed  iq  the  boundary  layer  region.  The  general  features  observed 
are  not  qualitatively  altered  if  we  use  a  temperature  of  3500  K  for  the  arc  region  instead 
of  5000  K. 

Table  2  lists  calculated  mole  fractions  for  many  of  the  species  at  the  boundary 
layer  and  substrate  surface,  as  well  as  the  equilibrium  concentratirais  at  the  apprcqrriate 
teiiqreratures.  The  persistence  of  nonequilibrium  concentrations  of  radicals,  particularly 
atoms,  clearly  shows  kinetic  control  of  the  gas  phase  chemistry..  In  particular,  there  are 
very  large  nonequilibrium  concentrations  of  hydrogen  atoms  due  to  the  slow  rate  of 
termolecular  atomic  recombination.  The  decay  lifetime  in  the  boundary  layer  region  is 
roughly  1(X)  ps.  This  high  hydrogen  atom  concentration  in  turn  controls  the  carbon 
chemistry. 
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Because  caibon  atom  reactions  are  often  neglected  in  models  of  both  combustion 
and  diamond  CVD,  its  high  concentration  may  appear  surprising.  Carbon  is  produced  by 
the  H  +  CH  reaction,  but  the  reverse  loss  reaction  is  23  kcal/mole  endothermic.  We 
predict  large  conversion  of  the  methane  to  caibon  atoms  in  the  superequilibrium  of 
hydrogen  atoms.  At  cooler  temperatures  removal  by  the  endothermic  reaction  with  H2 
will  be  slow.  Superequilibrium  amounts  of  carbon  atoms  persist,  removed  mainly  by  the 
postulated  reaction  with  acetylene  and  further  addition  reactions  which  lead  to  PAHs. 

Acetylene  itself  is  observed  to  rise  through  the  jet  region.  It  is  important  to 
include  many  combination  reactions  between  the  various  ca^n  radicals,  steps  not 
normally  found  in  many  combustion  or  pyrolysis  mechanisms.  The  decline  observed  in 
the  boundary  layer  is  fiom  pre-PAH  formation.  A  more  precise  prediction  of  both 
acetylene  arid  larger  species  requires  a  more  complex  mechanism  (1 1).  PAHs  with  4  to  5 
rings  have  been  (^served  (21)  in  the  arc  jet  plasma  by  laser-indued  fluorescence,  and 
thus  the  predicted  growth  of  Ae  pre-PAHs  in  the  model  is  satisfying. 

Methyl  radicals  are  often  considered  the  key  diamond  growth  species,  but 
according  to  the  arc  tmeh  chemistry  model  their  concentration  declines  continuously 
beyond  the  arc.  Production  rates  remain  low  because  the  high  concentrations  of 
superequilibrium  carbon  atoms  are  unreactive.  Since  equilibrium  in  the  system  favors 
methane,  there  is  a  strong  driving  force  converting  whatever  methyl  is  formed  in  the 
boundary  layer  irreversibly  to  methane.  (Calculated  methane  concentrations  increase 
through  the  boundary  layer  region.)  Also,  the  superequilibrium  hydrogen  atoms  destroy 
methyl  by  the  H  +  Cils  reaction. 

A  100  pm/min  growth  rate  over  our  area  is  an  atom  deposition  rate  from  the  torch 
of  l.S  X  10*^  mole/min.  For  our  flow,  this  requires  the  active  species  have  at  least  .001 
of  the  total  carbon,  or  greater  than  5  ppm  of  the  total  flow.  Atomic  carbon,  acetylene, 
pre-PAH  and  methane  are  the  only  other  species  at  the  substrate  which  meet  this  criterion. 
Methyl  radicals  have  a  concentratiem  a  factor  of  20  too  low.  Since  we  neglect  irritant 
difl'usion  effects,  we  might  estimate  an  upper  bound  of  that  simplification  by  averaging 
the  calculated  methyl  throughout  the  boundary  layer.  The  resulting  5  ppm  average 
concentradon  requires  a  unity  probability  fOT  the  conversion  of  CH3  to  diamond  carbon. 
Thus,  we  conclude  that  our  model  does  not  predict  sufficient  methyl  radical  concentration 
for  the  Harrij  mechanism  to  account  for  the  measured  diamond  growth  rate. 

These  results  strongly  suggest  carbon  atoms  could  contribute  to  diamond  growth 
in  the  arc-jet  plasma.  There  is  a  chemical  precedent;  caibon  atoms  are  known  to  react 
with  hydrocarbons  by  insertion  into  C-H  bonds  (20).  Except  for  acetylene,  and  perhaps 
some  of  the  larger  species  grouped  together  as  pre-PAH,  no  other  carbon  species  carries 
enough  carixm  to  the  surface  to  account  for  the  observed  growth  rates  from  our  arc  under 
these  conditions. 

Goodwin  (14)  has  recently  reported  modeling  calculations  on  the  same  plasma 
torch  experiment.  His  results  indicate  enough  methyl  (100  ppm)  is  present  at  the 
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substrate  surface  to  account  for  the  observed  growth  rates.  We  do  not  understand  the 
origin  of  the  differences  between  our  predictions  and  Goodwin's.  His  model  has  a  much 
better  treatment  of  the  fluid  flow,  difbsion,  and  surface  reactions.  However,  it  is  not 
clear  tha*  the  improved  fluid  mechanics  is  tte  source  ttf  the  difference  in  our  conclusions. 
We  And  hat  the  chemical  mechanism  has  profound  impact  on  our  prediction;  for 
example,  the  use  of  our  conventional  flame  mechanism  which  neglects  atomic  carbon 
predicts  20  ppm  methyl  at  the  substrate.  We  are  unable  to  assess  the  differences  in  the 
chemical  mechanisms,  as  Goodwin  could  not  list  his  chemical  mechanism  within  the 
length  restrictions  of  a  letter. 

We  draw  five  conclusions.  I%st,  our  gas  phase  chemistry  model  does  not  predict 
enougn  methyl  radicals  at  the  substrate  to  account  for  the  observ^  growth  rate  using  the 
Hi  rris  mechanism.  Second,  if  our  chemical  mechanism  is  equivalent  with  Goodwin's, 
then  fluid  dynamics  and  surface  chemistry  can  increase  the  CH3  concentration  by  a  factor 
of  500.  Third,  omission  of e  additiuial  chemistry  flom  the  mechanism  increases  the 
methyl  radical  concentration  by  QKxe  than  a  factor  of  100.  Fourth,  in  the  arc-jet-plasma, 
carbon  ms  are  present  in  such  excess  that  their  addition  to  C-H  bonds  on  the  surface 
must  be  consider^.  Fifth,  a  surprising  anwunt,  more  than  half,  of  the  carbon  in  the 
feedstock  grows  into  polyatomic  hydrocarbon  molecules. 

*Supported  by  the  Army  Research  Office. 
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Reaction 

Table  1 

Reaction  Mechanism 

A  n 

(cc/mole) 

E 

(cal/molel 

Source 

CH4  +  M«^CH3.|-H  +  M 

1.300E  +  33 

-3.73 

106600. 

F 

CH3  +  H2«^CH4  +  H 

2.800E  +  04 

2.50 

9400. 

F 

CH3  +  M«^CH2  +  H  +  M 

1.000E  +  16 

0.00 

90500. 

F 

CH3  +  H<-»CH2+H2 

I.eOOE  + 14 

0.00 

15000. 

F 

CH2  +  H<^CH  +  H2 

4.000E  + 13 

0.00 

0.00 

F 

CH2  +  CH2+^C2H2  +  H  +  H 

1.000E  + 14 

0.00 

0.00 

F 

CH3  +  CH2f^C2H4  +  H 

6.000E  + 13 

0.00 

0.00 

F 

CH3  +  CH3«CH4  +  CH2 

1.700E  +  09 

0.56 

12600. 

F 

CH3  +  CH3 «-» C2H5  +  H 

5.000E  + 12 

0.10 

10600. 

F 

C2H6  +  Mf4CH3  +  CH3  +  M 

2.500E  +  37 

-04.6 

96500. 

SJ 

C2H6  +  M*^C2H5  +  H  +  M 

7.700E  +  35 

-4.43 

107000. 

SJ 

C2H6  +  H  ♦-»  C2H5  +  H2 

5.400E  +  02 

3.50 

5200. 

F 

C2H6  +  CH3  <-»  CH4  +C2H5 

5.500E-01 

4.00 

6300. 

F 

C2H6  +  CH2  C2H5  +  CH3 

6.500E  + 12 

0.00 

7900. 

F 

C2H5  +  Hf4C2H4  +  H2 

3.000E  + 13 

0.00 

0.00 

F 

C2H5  +  M  0  C2H4  +  H  +  M 

2.400E  +  36 

-5.36 

41800. 

F 

C2H4  +  CH3t^C2H3  +  CH4 

4.400E-04 

5.00 

8300. 

F 

H  +  H  +  H«^H2  +  H 

3.200E  + 15 

0.00 

0.00 

CW 

H  +  H  +  H2«-»H2  +  H2 

9.700E  + 16 

-0.60 

0.00 

CW 

C2H  +M«-»C2H  +  H  +  M 

4.200E  + 16 

0.00 

107000. 
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Table  1 
(Continued) 


Reaction  Meehanlam 

Reaction  A  n  E  Source 


(cc/mole) 

(caimwie) 

C2H  +  C2H3  +4  C2H2  +  C2H2 

1.000E  4 13 

0.00 

0.00 

SJ 

C2H3  +  M  f4  C2H2  +  H  +  M 

4.000E  4  35 

-6.17 

50700. 

SJ 

C2H3  +  Hf4C2H2  +  H2 

3.000E  4  13 

0.00 

0.00 

SJ 

C2H3  +  C2H3  44  C2H4  4  C2H2 

1.000E  4 13 

0.00 

0.00 

SJ 

C2H44M44C2H34H4M 

2.500E  4 17 

0.00 

96600. 

w 

C2H4  +  M  44  C2H2  +  H2  +  M 

2.500E  4  17 

0.00 

79350. 

w 

C2H4  +  H44C2H3  +  H2 

1.500E  4  14 

0.00 

10200. 

w 

C2H4  +  C2H  44  C2H3  4  C2H2 

2.000E  4  13 

0.00 

0.00 

SJ 

C2H4H244C2H24H 

4.100E  4  05 

2.40 

860. 

MB 

C  4  CH3  44  C2H2  4  H 

5.000E  4  13 

0.00 

0.00 

MB 

CH4CH244C2H24H 

4.000E  4  13 

0.00 

0.00 

MB 

CH4CH344C2H34H 

3.000E  4  13 

0.00 

0.00 

MB 

C4CH244C2H4H 

5.000E  4  13 

0.00 

0.00 

MB 

CH4H44C4H2 

1.500E  4  14 

0.00 

0.00 

MB 

C4CH44C24H 

5.000E  4  13 

0.00 

0.00 

SJ 

C24H244C2H4H 

4.000E  4  05 

2.40 

1000. 

SJ 

CH4CH44C24H2 

5.000E  4  12 

0.00 

0.00 

SJ 

CH4CH44C2  +  H4H 

5.000E  4  13 

0.00 

19000. 

SJ 

C4C4M44C24M 

3.000E  4  14 

0.00 

-1000. 

SJ 

C4H4M44CH4M 

3.000E  4  14 

0.0 

-1000. 

SJ 

C4C2H2-4"pre-PAH''4H 

2.000E  4  13 

0.0 

0.00 

SJ 

C  4  "pre-PAH'  -♦  "prs-PAH” 

2.000E  4  13 

0.0 

0.00 

SJ 

W  22  J.  Wamatz,  in  Contusion  Chemistry,  ed  by  W.  C.  Gardiner  Jr.,  Springer,  New  York, 
1984,  pp  1773. 

SJ  This  work. 

MB  23  (Miller  &  Bowman,  Proo.En.Comb.Sci.  15, 287  (1989)). 

F  17  (M.Frenklach,  J.Appl.Phys.  69, 5142  (1989).  (main  text)). 

CW  19  (N.Cohen  &  K.Westberg,  J.Pby8.Chem.Ref.Data  12, 531(1983)  (main  text)). 

IG  24  (T.Tanzawa  &  W.C.Gardiner,  17tb  Comb.Symp.  563  (1979)). 
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OBSERVATION  OF  OH  RADICALS  IN  A  FILAMENT-ASSISTED 
DIAMOND  GROWTH  ENVIRONMENT* 


Ulrich  E.  Meier,**  Lukas  E.  Hunziker, 
David  R.  Crosley,  and  Jay  B.  JefMes 
Molecular  I%ysics  Laboratory 
SRI  Intemadonal 
Menlo  Paik,  CA  94025 


The  Erst  observadons  of  the  hydroxyl  radical  in  a  hot  filament 
assisted  diamond  growth  environment  are  presented.  Laser-induced 
fluorescence  (LIF)  is  used  to  make  in  situ,  nonintrusive, 
measurements  of  the  spadal  distribudon  of  OH  concentradon  near 
the  Elament  as  a  function  of  feedstock  con^idon,  reactor 
pressure,  and  Elament  temperature.  UF  measurements  of  the  OH 
rotadonri  level  pq)uladon  distribudon  are  used  to  determine  spadally 
resolved  gas  temperature. 


Introducdon 

The  addition  of  oxygen  to  the  feedstock  gases  for  diamcmd  CVD  can  have  a 
profound  effect  on  the  quidity  of  the  resuldng  diamond  film.  Kawato  and  Kondo  (1) 
found  the  deposition  of  graphidc  or  amorphous  carbon  could  be  suppressed.  Sever^ 
studies  (2-S)  of  microwave  diamond  CVD  have  found  that  oxygen  addition  can  extend  the 
range  of  conditions  which  produce  diamond  Elm.  For  example,  Liou  et  al.  (5)  found  that 
the  addition  of  oxygen  allowed  them  to  signiEcantly  reduce  Ae  substrate  temperature.  All 
these  studies  (1-5)  End  that  the  diamond  growth  rates  can  be  varied  and  the  quality  of  the 
Elm  signiEcandy  improved  by  the  addition  of  O2. 

The  influence  of  oxygen  on  the  gas  composition  of  hot  filament  diamond  CVD 
has  been  investigated  using  in  situ  mass  spectrometry  by  Harris  and  Weiner  (6).  They 
End  that  oxygen  addition  can  convert  a  signiEcant  fraction  of  the  hydrocarbons  to  CO  and 
H2.  They  rnodel  the  gas  chemistry  with  ^ded  oxygen  and  End  go^  agreement  with 
their  measurements  of  CO,  C2H2,  and  CH4.  They  postulate  that  the  addition  of  oxygen 
produces  "sufEcient  gas  phase  OH  to  renxive  the  nondiamond  (p yrolytic)  carbon  from  the 
Elm  (6)."  Frenklach  and  Wang  (7)  have  introduced  oxygen  into  ^eir  detailed  model  of 
hot  Elament  assisted  diamond  growth.  They  End  the  oxygen  addition  has  two  signiEcant 
effects:  1)  formation  of  aromatics  is  suppressed  by  the  oxidation  of  the  carbon  to  CO  and 
2)  the  gasification  of  deposited  sp^  phak  carbon  by  OH  radicals. 
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We  have  observed  hydroxyl  radicals  in  our  hut  filament  reactor  using  laser- 
ind<  .ced  fluorescence  (LIF).  LIF  has  four  jffindpal  advantages  for  the  detection  of 
chemically  reactive  radcal  species  like  OR  First,  the  LIF  measuretnoit  is  selective, .  tch 
sr/ecies  tuu  its  own  definitively  characteristic  excitation  and  detection  spectra.  Second, 
the  measurements  can  be  performed  in  situ  without  inserting  physical  probes  into  the 
plasma  or  extracting  any  of  the  plasma  gases.  Third,  LIF  is  quite  sensitive:  ppb  detection 
limits  of  OH  are  quite  feasible.  Founh,  the  measurement  is  spatially  resolved;  signal  is 
observed  only  from  the  intersectitm  of  the  laser  beam  and  fluorescence  collection  viewing 
region. 


LIF  measurements  of  the  rotational  population  distribution  in  OH  are  used  to 
determine  gas  temperatures  as  a  function  of  pressure  and  distance  from  the  frlament  The 
OH  concentration  is  measured  as  a  function  of  reactor  pressure,  feedstock  composition, 
and  filament  temperature.  These  measurements  show  that  OH  is  indeed  present  in  hot 
filament  diamond  CVD  reactors  which  use  H2-CH4-O2  mixtures. 


Experimental  Method 

The  hot  filament  reactor  is  constructed  inside  a  30  cm  vacuum  chambe;  with  a 
feedstock  inlet  5  cm  above  the  filament  and  gas  exhaust  10  cm  below.  Ingure  1  is  a 
schematic  drawing  of  the  experimental  arrangement  showing  the  hot  filament  and  the 
optical  collection  geometry.  A  0.04  cm  diameter,  3.3  cm  long  tungsten  wire  is  mounted 
on  molybdenum  posts  and  is  heated  by  direct  current  to  temperanues  2300-2800  K  as 
measured  by  an  emission  corrected  optical  pyrometer.  The  lament  and  gas  inlet  is 
mounted  on  a  vacuum  manipulatco'  which  allows  us  to  alter  the  laser  beam  to  filament 
distance  with  fixed  optical  collection.  The  laser  enters  the  chamber  through  Brewster 
angle  windows,  and  the  fluorescence  is  collected  f/S  at  right  angles  to  the  laser  beam. 

The  excitation  laser  is  aligned  along  die  filament  Fluorescence  from  nwlecules  excited 
by  the  laser  is  collected,  and  passes  through  a  spatial  filter  which  limits  the  field  of  view 
to  a  region  0.5  cm  along  the  laser  beam  and  0. 1  cm  perpendicular  to  the  beam.  The  light 
is  then  spectrally  filtered  with  a  uv  pass  filter  (Schott  UGS)  and  a  0.25  m 
monochromator,  and  detected  on  a  photomultiplier,  whose  signal  is  integrated  on  a 
boxcar  integra'or  and  linearly  averaged  by  a  laboratory  computer.  The  spatial  filter 
eliminates  much  of  the  emission  from  the  hot  filament  At  positions  near  the  filament 
significant  scattered  laser  light  is  observed.  To  avoid  much  of  this  scattered  light  and 
improve  the  signal/noise  ratio  of  the  LIF  measurements,  the  40  ns  wide  boxcar  gate  is 
delayed  50  ns  with  respect  to  the  laser  pulse. 

To  obtain  an  LIF  signal,  the  laser  wavelength  is  tuned  to  a  hydroxyl  absorption  in 
the  0-0  band  of  the  A'^Z*-}Pni  electronic  transition  near  308  nm.  \lfiien  the  laser 
wavelength  coincides  with  a  specific  rotational  transition,  OH  radicals  abscnfr  a  laser 
phottm  and  are  excited  to  the  A  state.  These  excited  molecules  can  radiate,  undergo 
energy  transfer  collisions  to  other  rotational  levels  which  subsequently  radiate,  or  be 
coUisionally  quenched.  The  fraction  that  radiate  is  called  the  quantum  yield,  and  this 
fluorescence  is  the  LIF  signal.  An  exanqtle  of  the  OH  LIF  signal  in  the  hot  filament 


203 


reactor  is  shown  in  the  upper  panel  of  Figure  2.  The  laser  wavelength  is  scanned  through 
a  series  of  transitions;  the  wavelength  of  the  observed  features  and  Aeir  identification  (8) 
shown  above  the  upper  panel  unambiguously  idoitify  the  UF  signal  as  originating  fixm 
OH  radicals. 

Quantitative  relative  OH  concentrations  can  be  inferred  fiom  the  signal  intensity, 
gas  temperature,  density,  and  composition.  The  UF  signal  is  the  product  of  the  excit^ 
state  number  density  Ne  and  the  quantum  yield  O.  The  laser  excites  nralecules  with  a  rate 
dN^dt «  Bli^gf,  where  Ng  is  the  ground  state  concentration,  f  the  Boltzmann  fraction  of 
population  in  the  absorbing  rotational  level,  B  the  Einstein  absorption  coefficient,  and  It 
the  laser  intensity.  The  quantum  yield  for  ^e  UF  is  O  »  A/(A4^,  where  A  is  the 
Einstein  A  coefficient  and  Q  is  the  collisional  quenching  rate.  Q  -  ZkQini  where  tiie  sum 
is  over  all  the  species  in  the  gas,  kgi  is  the  quenching  rate  constant  for  the  ith  species,  and 
ni  the  species  concentration.  Rate  constants  for  OH  quenching  as  a  function  of 
temperature  for  a  variety  of  colliders  including  atomic  hydrogen  have  been  measured  in 
our  laboratories  (9-12).  The  quenching  rate  constants  for  O2,  CH4,  and  H2  differ  less 
than  a  factor  of  two  and  that  for  atomic  hydrogen  is  at  most  a  factor  of  five  larger  at 
12(X)  K.  Harris  and  Weiner  (13)  find  that  less  than  1%  of  the  gas  in  the  hot  filament 
reactor  is  atomic  hydrogen.  Thus,  to  calculate  Q  we  use  kq  for  H2  and  n  equal  to  the  total 
density. 

Gas  temperature  is  an  important  parameter  in  the  conversion  of  the  LEP  signal  to 
OH  concentration.  Both  the  excitation  rate  dN^dt  and  the  quantum  yield  O  are 
temperature  dependent.  The  laser  excites  mole^es  from  a  single  rotation  level  from  the 
Boltzmann  population  distribution  over  all  the  rotational  levels.  Thus,  dNe(dt  depends 
directly  on  f(T).  The  quantum  yield  has  tempoature  dependence  in  both  kg  and  n.  The 
pressure  is  constant  in  the  hot-filament  reactor,  so  n  is  simply  proportional  to  l/T.  kg  for 
hydrogen  declines  >-25%  over  the  temperature  range  in  the  hot  filament  reactor,  we 
calculate  the  quenching  corrected  relative  concentrations  from  high  temperature  quenching 
measurements  (11). 

The  gas  temperamre  is  deduced  from  LIF  measurements  of  the  rotational 
distribution;  this  distribution  is  deduced  from  a  laser  excitation  spectrum  like  that  shown 
in  Figure  2.  The  signal  intensity  for  each  transition  is  divided  by  the  degeneracy  and 
rotational  line  strength,  and  ln(l0g)  is  plotted  versus  the  rotational  energy  of  the  ground 
state  rotational  level.  The  lower  panel  of  Figure  2  shows  such  a  Boltzmann  plot  for  the 
spectrum  in  the  upper  panel.  The  straight  line  indicates  that  the  distribution  is  well 
described  by  a  temperature,  and  the  slope  of  the  line  is  proportional  to  l/T.  The  0-0  band 
of  OH  extends  over  a  broad  spectral  range  near  308  nm.  This  broad  bandwidth  requires 
the  photo  detector  to  have  a  uniform  response  over  the  306-321  nm  to  avoid  spectral  bias 
errors  in  the  temperature.  We  construct  a  spectral  filter  with  a  trapezoidal  bandpass  from 
a  small  (0.25  m  f.l.)  monochromator  by  setting  a  narrow  (0.05  cm)  front  slit  and  the 
broad  (0.5  cm)  exit  slit.  Systerruitic  errors  in  OH  LIF  temperature  determination  from 
spectral  bias  are  discussed  in  detail  in  Rrf.  14. 
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Results  and  Discussion 


The  gas  temperature  measured  by  LIF  is  significantly  lower  than  the  temperature 
of  the  hot  filament.  The  data  in  Hgure  2  are  taken  at  30.9  T(»r,  1.1  mm  from  a  filament 
at  2750  K.  The  slq>e  of  the  Boltzmann  plot  in  the  bottom  of  Figure  2  gives  a  best  fit  of 
1541  ±  88  K.  The  feedstock  gas  is  H2  with  0.5%  CH4  and  0.5%  O2.  This  temperature 
difference  is  slightly  greater  than  observed  with  thermocouple  measurements  by  Harris 
et  al.  (15).  They  measured  1800  K  in  the  gas  1  mm  from  a  2600  K  filament  The 
thermocouple  measurements  were  not  corrected  for  radiation.  One  would  expect  radiative 
heating  of  a  thermocouple  in  close  proximity  to  the  brighdy  glowing  hot  filament  and 
thus  a  lower  actual  gas  temperature. 

The  gas  temperature  depends  on  the  reactor  pressure.  Rgure  3  shows  the  OH 
LIF  temperature  as  a  functitm  of  distance  from  a  2600  K  filament  at  hydrogen  pressures 
of  4.4, 10.4.  and  30.9  Torr.  Again  the  added  methane  and  oxygen  are  0.5%  each.  The 
temperature  gradient  is  in  good  agreement  with  Harris  et  al.  (15).  Both  of  these 
experiments  measured  the  gas  temperature  without  a  substrate.  With  a  substrate  at 
800-1200  K  temperature  and  a  distance  from  the  filament  of  0.5-2  cm  we  would  expect 
an  even  steeper  temperature  gradient  than  shown  in  Figure  3.  A  temperature  gradient 
which  depends  on  substrate  distance  has  been  observ^  (16). 

The  relative  OH  concentration  versus  distance  from  the  filament  is  shown  in 
Figure  4.  These  data  at  30.9  Tore  are  representative  of  the  data  over  the  entire  range 
4-30  Tore.,  The  OH  falls  rapidly  for  4-6  mm  to  10-20%  of  the  peak  OH  observed.  The 
lower  concentration  is  then  nearly  constant  to  distances  of  1  cm.  Note  that  the  data  in 
Figure  4  have  been  corrected  for  temperature  dependent  quenching  of  H2  and  the 
variation  in  Boltzman  fraction,  using  the  temperature  gradient  in  Figure  3. 

The  OH  concentration  is  strongly  dependent  on  reactor  pressure.  The  OH 
intensity  exciting  the  Ri(3)  line  falls  by  a  factor  of  40  from  4-25  Torr.  The  LIF  signal 
depends  on  the  product  of  OH  number  density  and  quantum  yield.  In  the  limit  Q»A, 
<>-l/Q  and  Q  is  proportional  to  gas  pressure.  Thus,  for  a  constant  mole  fraction  of  OH 
in  the  limit  where  most  of  the  excited  molecules  are  collisionally  quenched,  the  OH  LIF 
signal  is  independent  of  pressure.  Thus,  the  rapid  drop  in  OH  intensity  is  surprising  and 
indicates  that  the  mole  fraction  of  OH  d^lines  with  reactor  pressure.  Using  the  data  in 
Figure  3  to  predict  the  gas  teiiqierature  as  a  function  of  pressure  and  correcting  for 
quenching  by  H2,  the  we  find  the  OH  mole  fraction  declines  a  factor  of  30  as  the 
reactor  pressure  rises  from  4  to  25  Torr. 

Figure  5  shows  the  variation  in  the  relative  OH  ^ncentraticHi  as  a  function  of 
added  CH4  and  O2.  The  OH  concentration  does  not  aepend  on  the  amount  of  added 
CH4,  as  shown  by  the  triangles  in  the  figure  for  C.  /%  of  added  O2.  However,  the  OH  is 
quite  dependent  on  the  amount  of  added  O2I  increasing  the  O2  by  a  factor  of  four 
increased  the  OH  by  a  factor  of  14.  This  large  variation  is  expected;  Harris  and 
Weiner  (6)  predict  a  factor  of  6  increase  in  Ae  OH  at  7%  CH4  when  the  O2  is  increased 
from  1-3%. 
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Sumtnaiy 

We  have  observed  LIF  from  OH  radicals  in  a  hot  filament  diamond  CVD  reactor 
in  a  mixture  of  H2,  CH4,  and  O2.  We  find  the  gas  temperature  is  significantly  cooler  than 
the  filament  temperanue.  The  gas  temperature  increases  with  increasing  pressure.  The 
OH  mole  fiacdon  declines  significantiy  with  increasing  reactor  pressure.  The  OH 
concentration  does  not  depend  on  the  amount  of  added  methane,  but  is  strongly 
dependent  on  added  oxygen. 
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Hg.  I.  Schematic  diagram  showing  the  orientation  of  the  laser  beam,  hot  flUment,  and  opticil 

collection.  ^ 
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Fig.  2.  Left  OH  LIF  rotational  excitation  spectrum  taken  1.1  mm  (nm  a  2750  K  filament  in  30.9  Torr 
H2  with  0.5%  CH4  and  0.5%  02. 

Right:  Boltzmann  plot  of  the  relative  rotational  level  populations  determined  from  peak  height 
,  analysis  of  the  qtectrum  in  the  top  panel.  The  best  fit  dope  gives  T  >  1541  ±  88 IC 
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Fig.  3.  GastempenturedeiainiiKd 
from  OH  rotational 
excitation  spectra  versus 
distance  fiom  the  filament  for 
30.9, 10.4,and4JTorr 
pressure  of  th  with  0£% 
CHa  and  0.5%  O2  with  a 
2600  K  filament  temperature. 
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Fig.  4.  Relative  OH  concentration 
versus  distance  from  a 
2600  K  filament  at 
30.9  Tort  fiom  quenching 
corrected  UF  measurements. 


Fig.  S.  Relative  OH  concentration 
fiom  quenching  corrected  UF 
measurements  versus  added 
CH4  and  O2  at  4.4  Torr  of 
H2  1.0  mm  fiom  a  2700  K 
fii^nL  CH4  variation 
(triangles)  at  0.7%  added  O2 
and  O2  variation  (squares)  at 
0.6%  added  CH4. 
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ABSTRACT 

We  have  examined  using  quadrupoie  mass  spectroscopy  the  pro¬ 
duction  of  acetylene  molecules  under  diamond  growth  conditions 
wherein  no  acetylene  was  introduced.  There  are  two  pathways 
available  for  the  production  of  acetylene.  One  path  for  acetylene 
production  is  through  conversion  of  CH4  into  C2H2  in  the  high 
temperature  plasma  region.  The  other  path  for  acetylene  produc¬ 
tion  is  through  gasification  of  the  graphite.  In  the  pressure  range 
from  1-10  Torr  using  a  rf  plasma  discharge,  the  graphite  gasifica¬ 
tion  is  the  dominant  path  and  the  diamond  deposition  rate 
appears  to  correlate  fairly  well  with  the  acetylene  concentration  in 
the  reactor.  The  correlation  can  be  understood  by  considering  the 
acetylene  production  rate  to  be  proportional  to  the  atomic  hydro¬ 
gen  flux  to  the  graphite  susceptor  and,  hence,  to  the  atomic  hydro¬ 
gen  flux  to  the  diamond  growth  surface. 

Introduction 

Many  workers  are  studying  the  importance  of  acetylene  and  methyl  radicals 
in  the  vapor  phase  growth  of  diamond.  Techniques  such  as  infrared  diode  laser 
absorption  spectroscopy  and  multiphoton  ionization  have  been  used  to  examine 
the  gaseous  environment  of  the  diamond  depo8ition(l).  Other  workers  have  used 
isotopic  labeling  to  identify  the  parentage  of  carbon  atoms  deposited  as  dia- 
mond(2).  In  this  work,  we  have  used  quadrupoie  mass  spectroscopy  to  monitor 
acetylene  production  during  diamond  deposition  in  a  low  pressure  rf-plasma 
chemical  vapor  deposition  environment.  We  find  that  there  are  two  channels 
for  acetylene  production,  one  via  conversion  of  CH4  into  C2H2  and  second  via 
gasification  of  graphite  into  C2H2.  By  realizing  that  a  requirement  for  graphite 
gasification  is  the  atomic  hydrogen  flux  to  the  graphite  surface,  mass  quadru¬ 
poie  spectroscopy  of  the  gasification  products  has  been  able  to  demonstrate  that 
the  diamond  deposition  rate  is  proportional  to  the  atomic  hydrogen  flux. 
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Experimental  Approach  and  Results 

Dimond  depositions  have  been  accomplished  in  a  iow  pressure  rf  plasma 
assisted  ehemicai  vapor  deposition  system  using  1%  CH4  in  Hj  gas  at  pressures 
from  1-10  Torr.  Detaiis  of  that  reactor  and  the  growth  process  have  been  pre¬ 
viously  reported(3).  The  vacuum  system  for  diamond  deposition  is  shown 
schematicaliy  in  Figure  1.  It  consists  of  a  stainless  steel  150  mm  conflat  flange 
6-way  cross  upon  which  the  reactor  tube,  pumps,  control  orifice  valve,  vacuum 
gauges,  quadrupole  mass  spectrometer,  and  load  lock  are  appended.  Samples 
are  introduced  into  the  reactor  on  a  graphite  carrier/susceptor  through  a 
vacuum  load  lock,  transferred  horizontally  onto  a  heater  stage,  and  raised  verti¬ 
cally  into  the  quartz  reaction  tube.  The  reaction  tube  consists  of  a  double- 
waiied  50  mm  inside  diameter  quartz  tube  sealed  to  the  stainless  chamber  by 
compression  viton  o-ring  seals.  The  reactor  tube  is  water  cooled  through  the 
use  of  a  heat  exchanger  which  maintains  the  water  temperature  at  15  *  C.  A  8 
mm  water-cooled  copper  tube  formed  into  a  3-turn  helix  100  mm  long  provides 
the  inductive  coupling  from  the  rf  generator  to  the  discharge.  The  rf  power 
output  from  a  power  amplifier  tube  couples  to  the  plasma  using  a  LC  resonant 
circuit  with  the  plasma  coil  constituting  the  inductive  component.  The  vacuum 
system  is  evacuated  by  a  Balzers  500  1/s  corrosive  series  turbomolecular  pump. 
The  pressure  of  the  reactor  is  1.0  X  10~^  Torr  prior  to  introducing  the  reactant 
gasses. 

Conditions  for  diamond  growth  are  given  in  Table  I  over  the  presure  range 
from  1-10  Torr.  Note  that  the  temperature  of  the  hydrogen  plasma  has  been 
calculated  from  the  relative  emission  intensities  of  the  atomic  hydrogen  Balmer 
series  assuming  a  Boltzman  distribution  and  coHisioniess  lifetimes.  These 
assumptions  may  be  in  error,  but  this  calculation  allows  some  internal  standard 
for  the  power  input  to  the  plasma. 


Table  I 


Pressure 

Flow  rate  (seem) 

Estimated 
rf  power  (w) 

"^plasma 

(K) 

1 

1.3 

400 

3420 

3 

3.8 

660 

3350 

5 

6.3 

1000 

3200 

7 

8.8 

1800 

3200 

10 

12  5 

2400 

3270 

One  notices  that  the  pressure  in  this  series  is  varied  by  maintaining  a  constant 
pumping  speed  and  reducing  the  gas  flow  into  the  reactor.  The  estimated 
plasma  temperature  remains  constant  throughout  this  pressure  range  despite 
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the  6-fold  increase  in  power  input.  Without  this  increase  in  power  at  the  higher 
pressures,  it  would  not  be  possible  to  maintain  the  atomic  hydrogen  emission. 
This  increase  in  applied  power  also  increases  the  substrate  temperature.  The 
substrate  temperature  varies  from  «650*C  at  1.0  Torr  to  *=5^850'  C  at  10  Torr. 

Following  deposition,  films  were  analyzed  using  scanning  electron  micros¬ 
copy  (SEM)  and  Raman  scattering  spectroscopy.  Cleaved  sectional  analysis  in 
the  SEM  was  used  to  ascertain  diamond  deposition  rates  at  the  different  pres¬ 
sures.  We  assumed  the  deposition  rate  was  linear  in  time.  The  silicon  substrates 
used  in  this  work  were  diamond  polished  prior  to  introduction  into  the  reactor 
to  provide  immediate  nucleation  sites. 

SEM  micrographs  show  that  the  deposited  films  are  polycrystalline  showing 
well-defined  faceting.  The  crystallite  sizes  vary  from  0.5  -  2.5  /im.  The  crystal¬ 
lites  appeared  to  have  nucleated  at  point  sites  upon  which  growth  proceeded  3- 
dimensionally  into  a  continuous  film.  Raman  spectra  for  the  complete  series  are 
given  in  Figure  2.  All  samples  display  a  1332  cm“*  diamond  Raman  line.  Sam¬ 
ples  grown  at  lower  pressures  show  more  non-diamond  bonding.  It  is  not  clear 
at  this  point  if  the  appearance  of  the  non-diamond  bonding  components  (i.e.  the 
appearance  of  Raman  features  between  1500  and  1600  cm-*)  is  due  to  a  reduc¬ 
tion  in  pressure  or  a  reduction  in  substrate  temperature.  It  is  clear  that  all  con¬ 
ditions  produced  diamond  from  the  gas  phase  using  the  low  pressure  rf-plasma 
system. 

The  environment  of  the  diamond  g  th  was  probed  by  mass  spectroscopic 
analysis  of  gasses  downstream  from  the  .  sma  region.  Samples  were  positioned 
near  the  rf  coil  on  a  graphite  susceptor.  By  comparing  the  C2H2  production 
observed  with  the  graphite  susceptor  removed  from  the  discharge  tube  to  the 
C2H2  production  when  the  susceptor  was  positioned  near  the  rf  coil,  one  can  dis¬ 
tinguish  CH4  conversion  to  C2H2  in  the  gas  phase  from  gasification  of  the  gra¬ 
phite  to  C2H2  at  the  susceptor  surface.  (It  should  be  noted  that  these  experi¬ 
ments  were  performed  when  the  plasma  tube  was  fairly  clean  of  carbon  deposits. 
The  graphite  susceptor  represents  the  largest  source  of  solid  carbon  exposed  to 
the  plasma.)  Figure  3  shows  the  conversion  of  CH4  to  C2H2  as  a  function  of  total 
pressure  when  the  graphite  susceptor  is  not  present  in  the  reactor.  This  figure 
shows  a  nearly  constant  ratio  of  CH4  to  C2H2  across  the  pressure  series.  Given 
that  two  CH4  molecules  are  necessary  for  C2H2  production,  we  conclude  that 
approximately  60%  of  the  CH4  is  converted  into  C2H2.  Figure  4  shows  the 
observed  C2H2  production  when  the  graphite  susceptor  is  inserted  3.0  mm  below 
the  rf  coil  with  1%  CH4  in  H2  discharge.  There  is  a  pronounced  pressure  depen¬ 
dence  to  the  C2H2  production.  At  3  Torr,  there  is  approximately  4  times  more 
C2H2  partial  pressure  in  the  reactor  with  the  graphite  susceptor  present  than 
there  was  with  the  graphite  susceptor  absent.  More  C2H2  is  produced  at  3  Torr 
by  graphite  gasification  than  is  produced  by  CH4  conversion  into  C2H2. 
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It  is  interesting  to  compare  the  diamond  deposition  rate  with  the  C2H2  pro¬ 
duction  rate.  Figure  5  shows  the  growth  rate  as  a  function  of  pressure  for  this 
series.  We  find  that  the  deposition  rate  is  a  maximum  for  a  pressure  of  approxi¬ 
mately  3  Torr.,  A  comparison  with  Figure  4  shows  that  the  deposition  rate  and 
the  C2H2  production  rate  both  show  a  similar  dependence  on  reactor  pressure 
with  the  highest  deposition  rate  and  the  highest  C2H2  production  rate  occuring 
at  3  Torr. 


Discussions  and  Conclusions 

This  work  shows  an  apparent  correlation  between  the  deposition  rate  of 
diamond  and  rate  of  gasification  of  the  graphite  susceptor  into  C2H2.  Perhaps, 
the  growth  rate  of  diamond  is  inhibited  by  graphitic  sites  which  must  be 
removed  before  diamond  can  propagate.  Hence,  growth  conditions  which 
rapidly  gasify  graphite,  remove  graphitic  sites  from  the  diamond  surface  allow¬ 
ing  diamond  growth  to  propagate.  Mucha  et  al.(4)  used  similar  arguments  to 
explain  higher  effective  growth  rates  in  microwave  CVD  experiments  when  alter¬ 
nating  cycles  of  H2  and  CH^  were  introduced  into  the  reactor.  Alternatively,  the 
C2H2  radical  may  be  promoting  diamond  growth  as  Frenklach  et  al.(5)  have  sug¬ 
gested.  Thus,  higher  concentrations  of  C2H2  in  the  gas  phase  may  be  responsible 
for  the  higher  growth  rate. 

The  work  of  Balooch  and  01ander(6)  yields  considerable  Insight  into  the 
data  presented  in  this  paper.  Balooch  and  Olander  showed  that  the  gasification 
products  observed  when  atomic  hydrogen  interacts  with  pyrolytic  graphite  are 
distinctly  different  depending  on  the  temperature  of  the  graphite.  At  tempera¬ 
tures  below  550 ‘C,  the  primary  product  was  CH^.  At  temperatures  above 
000  ’  C,  the  primary  product  was  C2H2.  Balooch  and  Olander  argued  that  in  the 
intermediate  temperature  range  H  atoms  recombined  on  the  pyrolytic  graphite 
surfaces  without  substantial  graphite  gasification.  In  the  pressure  series  reported 
in  this  paper,  the  graphite  susceptor  is  certainly  above  550  ’  C.  We,  as  Balooch 
and  Olander,  do  observe  C2H2  as  a  by-product  of  atomic  H  with  graphite.  We 
are  able  to  deposit  diamond  films  in  the  intermediate  temperature  range  where 
atomic  hydrogen  is  not  as  efficient  in  dissolving  graphite.  It  should  be  noted 
that  the  flux  of  atomic  hydrogen  present  to  a  diamond  CVD  growth  surface  is 
orders  of  magnitude  higher  than  the  fluxes  used  by  Balooch  and  Olander.  Con¬ 
sequently,  graphite  removal  from  a  diamond  CVD  growth  surfaces  with  atomic 
H  is  undoubtedly  possible. 

The  production  of  C2H2  from  a  graphite  surface  at  elevated  temperatures 
will  be  proportional  to  the  atomic  hydrogen  flux.  If  one  interprets  the  C2H2 
production  rate  shown  in  Figure  4  as  proportional  to  the  atomic  hydrogen  flux 
to  the  graphite  surface  and  hence  to  the  diamond  CVD  growth  surface,  then  one 
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concludes  that  the  atomic  hydrogen  flux  to  the  growth  surface  is  a  strong  func¬ 
tion  of  pressure.  Hence,  the  correlation  between  diamond  growth  rate  and  ace¬ 
tylene  production  is  more  concisely  a  consequence  of  the  differing  atomic  hydro¬ 
gen  fluxes.  The  higher  fluxes  of  atomic  hydrogen  dissolve  graphite  and  promote 
diamond  bonding.  These  results  are  strong  support  for  the  work  of  Yar- 
brough(7)  showing  that  at  high  atomic  hydrogen  concentrations  diamond  pre¬ 
cipitated  as  the  stable  phase. 
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Figure  1.  Schematic  of  low  pressure  rf*plasma  assisted  chemical  vapor  deposi¬ 
tion  system. 


Figure  2.  Raman  spectra  for  diamond  films  deposited  from  1  to  10  Torr  using 
1%  CH4  in  Hj. 
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Figure  3.  Conversion  of  CH4  into  CjHj  without  the  graphite  susceptor  in  the 
reactor. 


Prmsura  (Torr) 


Figure  4.  Production  of  C2H2  in  the  growth  reactor  as  a  function  of  pressure 
with  the  graphite  susceptor  in  place. 
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Figure  5.  Diamond  deposition  rate  as  a  function  of  pressure.  Thickness  values 
were  obtained  from  SEM  micrographs  of  cleaved  sections. 
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ABSTRACT 

The  concentrations  of  H.  CH3  and  other  stable  species  in  a  hot-filament 
mactor  have  been  measured  quantitatively  under  diamond  growth  conditions. 
JM  two  radi^  species  have  mole  fractions  in  the  range  of  10‘A  -  io*3  while 
CH4  and  C2H2  have  significantly  higher  levels.  As  the  methane  peiSntaSe  in 

“"centration  of  H  decreased  by  an 
1®'’  **’®  *®"'®  conditions,  the  rate  of  film  growth  was 
divergence  of  results  suggests  that  H-Induced  surface 
reactions  are  not  the  rate-limiting  steps  for  film  growth. 

INTRODUCTION 

Quantitative  measurements  of  some  gaseous  species  In  diamond  growth 
reactors  have  been  reported  in  the  past.'' ’3  These  maasuramAnte  arA 
generally  'Injfted  to  to  a  small  set  of  species.  In  a  previous  paper  we 
hM  a  molecular  beam  mass  spectrometry  systern  which 

ff*  ^  detect  a  wide  range  of  species.^  For  this  paper  we  will  present 

CHai  and  other  species  in  a  hrfSarnJm 
reactor  under  diamond  growth  conditions. 

EXPERIMENTAL  PROCEDURE 

the  process  chamber  is  extracted  through  a  300-um  diameter 

iS  terms  a  molecSlar S  in 

which  chemical  reactions  amongst  the  molecules  cease.  This  "freezina" 

nwesMry  to  ensure  that  the  composition  in  the  beam  remains  as  it 
was  before  the  extraction.  TTie  beam  is  allowed  to  pass  unobstructed  to  the 
where  the  species  are  ionized,  mass  analyzed,  and  then 
detected.  Ions  formed  by  direct  ionization  of  the  radical  species  can  be 
distinguished  from  those  formed  by  dissociative  Ionization  of  the  parent 
molecules  by  using  the  threshold  ionization  technique.^ 

A  more  detailed  description  of  the  procedure  for  deriving  mole  fractions  is 
®’®®w'i®'’e®:  suffices  it  to  say  that  all  signals  are  normalized  to  that  of 
argon,  which  is  present  as  a  diluent.  The  signal  ratios,  Ij/I^r,  are  related  to  the 
mole  frartion  ratios,  Xj/XAr,  by  the  sensitivity  factor,  Sj,Ar-  For  stable  species, 
the  sensitivity  factors  are  determined  by  calibrating  the  signal  ratios  with  known 


mixtures.  For  radical  species,  we  use  reported  ionization  cross  sections  to 
determine  the  sensitivity  factors. 

In  this  paper  we  will  show  how  the  mole  fractions  of  H,  CH3,  CH4,  and 
C2H2  vary  with  increasing  addition  of  methane  to  the  feed  gas.  Two  types  of 
experiments  were  conducted:  one  In  which  the  feed  gas  was  pure  hydrogen 
(data  shown  in  Rg.  1),  another  in  which  the  feed  gas  was  a  mixture  of  H2,  Ar, 
and  CH4.  The  methane  percentage,  f«100  x  (CH4)ftowrate^{(CH4)fiow- 
rate+(H2)flow-rate+  {Ar)fiow-rate}*  ranged  from  0.4%  to  7.5%.  The  filament  was 
a  single  strand  of  uncoiled  tungsten  wire  0.25  mm  in  diameter.  The  filament 
temperature  was  monitored  by  a  Williams  8120  two-color  pyrometer  and  the 
substrate  temperature  by  a  K-type  thermocouple.  During  the  experiment  we 
discovered  that  the  resistance  of  the  filament  changed  as  we  changed  the 
methane  percentage.  In  order  to  obtain  repeatable  results  we  allowed  15 
minutes  for  the  resistance  to  stabilize  every  time  we  changed  the  operating 
conditions.  We  also  subjected  each  new  tungsten  filament  to  a  carburization 
procedure  prior  to  data  taking  by  heating  the  filament  to  2700  K  in  a  7.5% 
methane  mixture  for  one  hour. 


RESULTS 

Shown  in  Rg.  1  are  the  H  mote  fractions  measured  when  only  H2  was 
fed  into  the  reactor.  The  results  are  plotted  as  a  function  of  the  filament 
temperature  while  the  substrate  was  kept  fixed  at  1073  K.  Also  shown  is  a  solid 
curve  which  is  the  equilibrium  H  mole  fractions  calculated  at  the  filament 
temperature.  The  measured  values  are  at  least  one  order  of  magnitude  less; 
however,  when  compared  to  the  equilibrium  value  at  the  substrate  temperature, 
the  data  are  at  least  two  orders  of  magnitude  larger.  In  this  sense,  H  in  the 
vicinty  of  the  substrate  surface  is  in  *superequilibrium”. 

Now,  let  us  add  methane  to  the  system.  Shown  in  Rg.  2  are  the  mole 
fractions  of  H,  CH3,  CH4,  and  C2H2  as  a  function  of  the  methane  percentage  in 
the  feed  gas.  The  mole  fractions  of  H2  and  Ar  remained  essentially  constant  at 
0.9  and  0.07,  respectively,  and  are  not  shown.  The  experiments  were 
performed  at  a  fixed  pressure  (20.25  Torr),  a  fixed  filament  temperature  (2600 
K),  and  a  fixed  substrate  temperature  (1073  K)..  The  flow  rate  of  H2  and  Ar  was 
fixed  at  170.6  and  13.2  Pa-l/s,  respectively,  and  only  the  feed  rate  of  methane 
was  varied. 

One  of  the  most  interesting  features  is  the  large  decrease  in  the  H-atom 
concentration.  At  f>0.4%,  the  concentration  was  as  high  as  when  methane  was 
absent.  When  the  methane  percentage  was  increased  to  7.5%  the  H  mole 
fraction  dropped  by  an  order  of  magnitude  .  Even  more  pronounced  decreases 
were  observed  at  lower  filament  temperatures.  At  2273  K,  the  H  concentration 
decreased  by  nearly  two  orders  of  magnitude  over  the  same  range  of  methane 
percentage.  Similar  effects  have  been  reported  by  Celii  and  Butler;^  we  concur 
with  their  explanation  that  this  behavior  was  caused  by  filament  poisoning. 
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Both  methyl  and  acetylene  are  observei!  to  behave  eimilariy;  the 
concentration  first  increased  and  than  leveled  off  at  high  methane  percent^es. 
At  low  levels  of  methane  feed  methane  has  concentrations  lower  than  that  of 
acetylene,  but  it  became  the  dominant  hydrocarbon  species  as  more  methane 
was  fed  Into  the  system.  The  mole  fractions  have  also  been  measured  when 
three  parallel  filaments,  separated  0.5  cm  apart,  were  used.S  This  geometry 
was  used  to  simulate  a  planar  filament  source.  The  primary  effect  has  been  the 
further  reduction  of  CH4  relative  to  acetylene  at  low  levels  of  methane  feed.  We 
believe  that  in  the  single  filament  case,  methane  from  the  feed  gas  can  flow 
around  the  filament  and  remain  unpyrolyzad.  As  one  pulls  the  single  filament 
further  away  from  the  gas  sampling  pin-hole,  one  would  expect  to  see  an 
increasing  CH4/C2H2  concentration  ratio;  this  behavior  was  indeed  reported  by 
Harris  and  Weinar.2  When  the  filament  source  approximated  that  of  a  planar 
geometry.  It  was  less  likely  for  the  methane  that  flowed  around  the  edges  of  the 
plane  to  reach  the  sampling  ortfica.  Gas  transport  from  the  filaments  to  the 
substrate  thus  approaches  that  of  a  one-dimensional  flow  problem. 

The  concentration  of  the  three  hydrocarbon  species  discussed  has  been 
measured  by  Celii  et  al.1  using  infrared  absorption  spectroscopy.  To  derive  a 
local  concentration  they  divided  the  signal  by  an  absorption  pathlength  given  by 
the  diameter  of  the  chamber,  which  is  substantially  wider  than  the  extent  of  the 
filament.  For  the  two  stable  species,  acetylene  and  methane,  their  values  agree 
with  ours  to  within  a  factor  of  four.  However,  for  methyl,  their  value  is  less  by 
nearly  a  factor  of  twenty.  Since  methyl  is  a  radical  species,  it  is  probable  that  it 
was  more  localized  around  the  fiiamems  than  assumed. 

Using  the  measured  hydrocarbon  species  shown  in  Fig.  2  we  can 
perform  an  inventory  analysis  for  carbon  atoms.  The  mole  fraction  of  carbon 
atoms  that  have  been  detected  is  given  by  [CH3]  +  [CH4]  +  2*[C2H2],  where  the 
[  ]  indicate  the  mole  fraction;  the  results  are  shown  in  Rg.  3.  We  see  that  we  can 
essentially  account  for  all  the  carbon  fed  into  the  system  and  that  the  bulk  of  it 
resides  in  the  form  of  methane  and  acetylene.  All  other  hydrocarbon  species, 
including  those  not  yet  detected,  can  only  exist  in  trace  amounts. 

We  have  conducted  a  series  of  film-growth  experiments.  The 
experimental  conditions  were  identical  to  those  set  during  the  mole  fraction 
measurements.  The  films  were  deposited  on  Si  <11 1>  with  the  surface 
scratched  by  1/8-pm  diamond  paste.  After  growth  the  wafers  were  fractured  and 
observed  under  a  scanning  electron  microscope  to  obtain  the  film  thickness. 
The  film  growth  rate  was  determined  by  dividing  the  thickness  by  the  24-hr 
growth  period.  Examination  of  the  film  texture  showed  that  the  crystalline  facets 
became  less  pronounced  a^  .higher  percentages.  From  our  past  experience  this 
feature  is  generally  associated  with  a  higher  content  of  amorphous  or  graphitic 
carbon.7  in  our  growth  rate  calculations  we  made  no  attempt  to  differentiate 
between  diamond  and  non-diamond  materials. 
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The  growth  rate  is  plotted  as  a  function  of  the  methane  percentage  In  Rg. 
4;  it  rises  initially  and  then  level's  off.  This  behavior  is  in  sharp  contrast  with  the 
trend  for  the  H  concentration  curve,  which  is  replottsd  in  Rg.  4.  The  divergence 
of  the  two  curves  implies  that  the  deposition  of  carbon  (diamond  and  non- 
diamond)  is  not  rate-limited  by  H-induc^  surface  reactions.  Recent  studies  by 
Raman  spectroscopy  have  concluded  that  graphite  inclusion  in  vapor  deposited 
diamond  films  is  rather  low,8  especially  when  the  methane  percentage  is  less 
than  1%  (our  films  deposited  at  1%  still  showed  a  high  degree  of  crystallinity).  If 
this  is  the  case,  then  Rg.  3  would  further  Imply  that  the  d^sKion  of  diamond  is 
not  rate-limited  by  H-induced  surface  reactions. 

Frenklach  and  Wang^  have  recently  described  a  model  of  diamond 
growth.  In  their  studies  the  rate-limiting  step  for  film  growth  was  acetylene 
addition  (surface  reaction  step  sS  in  their  model).  However,  they  arrived  at  this 
conclusion  because  they  used  substantially  lower  C2H2  and  somewhat  higher 
H  concentrations  then  what  we  actually  measured.  If  our  measured  values  are 
used  instead,  their  model  would  predict  the  rate-limiting  step  for  film  growth  to 
be  the  formation  of  sp3  radical  sites  by  H  abstraction  (step  si  in  their  model). 
Our  results  show  that  this  step  cannot  be  rate-limiting.  This  disagreement, 
however,  does  not  necessarily  mean  that  the  basic  staicture  of  the  model  is 
wrong,  it  can  simply  arise  from  an  improper  estimation  of  the  magnitude  of  the 
involved  rate  coefficients. 

We  know  from  experience  that  the  films  grown  at  the  higher  methane 
percentages  have  higher  graphitic  content  and  the  observed  decrease  in  H 
concentration  is  consistent  with  the  view  that  H  is  necessary  to  remove  graphite 
r;om  the  deposits.  10 

The  trend  of  the  growth-rate  curve  bears  strong  resemblance  to  the 
methyl  and  acetylene  mole  fraction  curves.  However,  the  total  change  for 
growth  rate  is  less  than  x2,  while  that  for  acetylene  is  x3,  and  methy!  more  than 
x5.  The  growth  rate  therefore  does  not  scale  linearly  with  any  of  the 
hydrocarbon  species. 

We  can  determine  tne  flux  impinging  on  the  growth  surface  from  our 
measured  results.  For  each  hydrocarbon  species  with  concentration,  n,  the  flux 
is  given  by  nv/4,  where  v  is  the  average  velocity  of  the  species  at  a  temperature 
given  by  that  of  the  substrate.  If  the  measured  film  growth  were  due  solely  to 
each  of  the  three  measured  hydrocarbon  species,  the  required  effective  sticking 
coefficient  can  be  calculated.  At  f«0.4%,  the  sticking  coefficients  would  be:  CH3 
-1x1 0'3,  CH4  -1.7x10-^,  and  C2H2  -1x10'^.,  Since  the  growth  rate  does  not 
rise  as  rapidly  as  the  concentrations,  all  the  calculated  sticking  coefficients 
decrease  at  higher  methane  percentages. 
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SUMMARY 


Absolute  concentrations  of  H.  CH3,  CH4,  and  C2H2  have  been 
measured  under  realistic  diamond  growth  conations  In  a  hot-fllament  reactor. 
The  results  are  shown  as  a  function  of  methane  percentage  In  the  feed  gas, 
which  was  varied  within  the  range  of  0.4%  -  7.5%.  Both  ac^lene  and  methyl 
showed  an  initial  rise  and  then  Imreled  off  at  higher  methane  percentages.  The 
H-atom  concentration  showed  an  order  of  magnitude  drop  over  the  aame  range. 
This  behavior,  in  conjunction  with  the  knowledge  that  the  content  of  non¬ 
diamond  material  within  the  film  rises,  is  In  agreement  with  the  view  that  H 
atoms  assist  in  graphite  removal.  The  film  growth  rate  was  observed  to 
increase  with  methane  percentage.  At  least  at  low  levels  of  methane 
percentages,  where  the  films  are  expected  to  contain  primarily  diamond,  the 
results  would  imply  that  H-induced  surface  reactions  are  not  the  rate-limiting 
steps  for  diamond  growth. 
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Fig.  1  Measured  and  calculated  H  mole  fractions  in  a  hydrogen-only  system. 


FRACTION  OF  METHANE  IN  FEED  QAS 

Fig.  2  Mole  fractions  of  H,  CH3,  CH4,  and  C2H2.  The  l'r!’^.~  are  drawn  to  guide 
the  eye.  Indicated  are  the  filament  temperature,  Tj;  substrate 
temperature,  Tg:  process  pressure;  and  diameter  of  the  tungsten  wire. 
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TEXTURED  GROWTH  AND  TWINNING 
IN  POLYCRYSTALLINE  CVD  DIAMOND  FILMS 

C.  Wild,  P.  Koidl,  N.  Henes,  W.  MQIler-Sebert,  T.  Eckertnann 

Fraunhofer-Iiutitut  fiir  Angewandte  FestkSiperphysik  (lAF), 
TuUastr.  72,  D-7800  Freiburg,  Germany 


Abstract 

The  morphology  and  structure  of  polycrystalline  diamond  films 
have  been  investigated  for  various  growth  conditions  as  a  function  of  film 
thickness.  Samples  exhibiting  iHonounced  <100>,  <110>  and 
<  111  >  fibre  textures  have  been  studied.  It  is  shown  that  growth  starts' 
fiom  randomly  oriented  nucld  with  the  texture  developing  in  the  course 
of  film  growth  due  to  the  competition  between  differenfiy  oriented  grains. 
Growth  models  are  discussed  relating  the  observed  textures  to  the  relative 
growth  rates  of  {100}  and  {111}  fiuxs  and  to  twin  formation  during  the 
nucleation  stage. 

I.  Introduction 

The  deposition  of  diamond  fiom  the  gas  phase  has  found  tremendous  interest 
during  the  recent  years  (1, 2, 3).  To  date  thin  polycrystalline  diamond  films  and 
several  100  fim  thick  fiee  standing  wafers  are  currently  prepared  using  a  variety  of 
chemical  vt^ur  dqxisition  (CVD)  techniques.  The  d^sition  rate,  film  uniformity, 
crystalline  structure  and  surfine  morphology  of  these  diamond  films  depend  strongly 
on  the  growth  technique  and  growth  conditions.  The  correlation  be^een  growth 
parameters  and  film  properties  has  been  the  subject  of  many  investigations. 

It  is  known  that  one  reason  for  the  structural  variability  of  polycrystailine 
diamond  films  is  the  non-random  orientation  of  the  crystallites.  Textur^  growth  has 
been  observed  by  evaluating  the  surface  morphology  and  the  Bragg  peak  intensities  in 
X-ray  diffraction  (4-11).  However  it  is  only  recently  that  attention  has  been  paid  to  the 
growth  mechanisms  leading  to  specific  textures  (8-11). 

In  the  present  paper  we  rqiort  on  the  growth  of  CVD  diamond  films  exhibiting 
pronounced  fibre  textures.  By  varying  the  growth  conditions,  texture  axes  with 
different  orientations  (<1(X)>,  <110>,  <  111  >)  can  be  obtained.  It  will  be  shown 
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that  there  are  three  basic  parameters  influencing  the  texture  and  thus  the  morphology 
of  CVD  diamond  films: 

i. )  the  ratio  between  film  thickness  and  average  nuclei  distance, 

ii. )  the  ratio  between  the  normal  growth  velocity  on  {100}  and  {111}  faces, 

and 

iii. )  the  formation  of  twins  on  {111}  faces. 

II.  Experimental 

The  samples  under  investigation  were  prqnred  either  by  hot  filament  assisted 
CVD  (HFCVD)  or  by  microwave  plasma  assisted  CVD  (MW-PACVD).  Additional 
samples  were  provided  by  T.  Anthony,  General  Electric,  who  used  a  combination  of 
both  techniques  (7).  In  the  case  of  tim  hot  filament  assisted  CVD  we  use  a  stainless 
steel  vacuum  chamber  with  water  cooled  walls.  The  substrate  is  located  on  a 
molybdenum  holder,  which  contains  an  ohmic  heater  and  a  thermocouple  to  control 
the  deposition  temperature.  For  the  microwave  plasma  deposition  a  tubular  reactor 
with  a  40  mm  diam.  silica  tube  has  been  used  similar  to  the  system  described  by  Kamo 
et  al.  (12).  The  substrate  temperature  is  measured  by  a  two  colour  pyrometer. 
Diamond  films  were  deposited  on  100  Si  substrates  pretreated  with  diamond  grit  to 
enhance  the  nucleadon  deiisity. 

For  the  characterization  of  the  diamond  films  several  techniques  were  employed 
most  important  being  Raman  scattering,  optical  absorption  spectroscopy,  angular 
resolved  optical  reflection,  scanning  electron  microscopy.  X-ray  diffraction  and  X-ray 
texture  analysis.  The  experimental  details  are  described  in  Refs.  (7,  8,  13,  14). 

In  this  paper  emphasis  is  put  on  the  X-ray  texture  analysis,  which  was  performed 
with  a  four  circle  diffractometer  equipped  with  a  curved  germanium  monochromator. 
The  measurements  were  carried  out  in  reflection  geometry  using  CuK^j  radiation. 
Fig.  1  shows  the  scattering  geometry.  To  analyze  the  distribution  of  crystal 
onentations,  the  position  of  the  detector  is  fixed  at  a  specific  reflection  angle  26  of 
diamond.  In  this  configuration  only  lattice  planes  perpendicular  to  the  scattering  wave 
vector  k  (shown  in  Fig.  1)  contribute  to  the  diriiraction  of  the  incident  beam  into  the 
detector.  By  varying  the  angles  x  and  ^  the  sample  can  be  rotated  in  any  orientation 
relative  to  k.  Since  the  X-ray  intensity  measui^  at  the  detector  is  approximately 
proportional  to  the  number  of  di%acting  lattice  planes  this  technique  in  effect 
measures  the  orientational  distribution  of  specific  lattice  planes  {hkl}.. 


Additional  measurements  were  carried  out  using  a  high  resolution  diffractometer 
equipped  with  a  four  reflection  germanium  monochromator,  which  reduces  the 
divergence  of  the  primary  beam  to  less  than  0.0035“  (in  the  plane  of  dispersion). 


III.  Observed  Textures 

Fig.  2  depicts  the  {111},  {220},  {311}  and  {400}  pole  figures  of  a  <100> 
textured  CVD  diamond  film.  The  preferred  orientation  of  the  <100>  directions 
parallel  to  the  growth  direction  is  evidmt  from  the  pronounced  peak  in  the  center  of 
the  {4(X)}  pole  figure.  All  other  features  in  Fig.  2  result  from  this  <  100>  texture. 
While  the  pole  density  depends  strongly  on  the  polar  angle  x<  no  dependence  on  the 
azimuthal  angle  ^  can  be  observed  in  Fig.  2.  The  distribution  of  crystal  orientations 
exhibits  a  rotational  symmetry  with  reflect  to  the  substrate  normal.  Thus  the  diamond 
film  exhibits  a  so-called  fibre  texture  and  a  plot  of  the  pole  density  vs.  the  polar  angle 
X  is  sufficient  to  describe  the  texture.  Prom  the  rotational  symmetry  it  is  evident  that 
the  texture  does  not  result  from  an  interaction  of  the  diamond  nuclei  with  the  lattice  of 
the  silicon  substrate. 

The  distributions  of  the  {111},  {220}  and  {400}  pole  densities  of  CVD  diamond 
films  with  <  1 1 1  > ,  <  1 10 >  and  <  100>  texture  (sample  a,  b  and  c  respectively)  are 
shown  in  Fig.  3.  The  growth  conditions  for  these  films  are  summarized  below. 


sample 
texture  axis 

a 

<111> 

b 

<110> 

c 

<100> 

thickness 

30  fim 

300  fitn 

150  ^m 

dep.  technique 

HFCVD 

HFCVD 

MW-PACVD 

gas  composition 

0.7  %  IPA* 

0.7  %  IPA* 

2.0  %  CH4 

growth  temp. 

800“C 

800®C 

880®C 

filament 

Ta,  1  mm  0 

W,  0.125  mm0 

*IPA= 

Isopropyl  alcohol 

The  surface  morphologies  of  the  samples  b  and  c  are  shown  in  Fig.  4.  Sample  b 
exhibits  roof  shaped  structures  penetrated  by  vertical  twin  planes.  The  surface  consists 
entirely  of  {111}  faces.  This  has  been  confirmed  by  angular  resolved  optical  reflection 
measurements  (8),  which  revealed  that  the  faces  at  the  surface  are  inclined  by  an  angle 
of  35®  -  i.e.  the  angle  between  the  <  1 10>  and  <  1 1 1  >  direction. 
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In  contrast  to  sample  b,  the  surface  of  sample  c  is  covered  with  rectangular  or 
square  {100}  faces  which  are  aligned  almost  parallel  to  the  substrate  surface.  Due  to 
this  alignment,  the  sample  exhibits  a  very  flat  surface  -  a  feature  which  is  very 
important  when  thinking  about  applications.  The  angular  distribution  of  the  optical 
reflection  measured  at  633  nm  is  shown  in  Fig.  5.  The  distribution  exhibits  a  sharp 
peak  superposed  on  a  somewhat  broiider  background.  The  full  width  at  half  maximum 
(FWHM)  of  the  background  signal  amounts  to  l.S". 

In  order  to  determine  precisely  the  tilt  of  the  <  100>  directions  relative  to  the 
surface  normal,  rocking  curves  were  measured  with  a  high  resolution  X-ray 
diffractometer.  Fig.  6  shows  the  rocking  curve  (w-scan)  of  the  400  reflection  of  a 

<  100>  textured  diamond  film  and  for  comparison  the  400  reflection  profile  of  the 
silicon  substrate.  The  FWHM  of  the  silicon  profile  amounts  to  0.36°.  Since  the 
divergence  of  the  indicent  beam  (0.003S°)  is  negligibly  small,  the  peak  width 
observed  is  mainly  due  to  a  bending  of  the  silicon  substrate  ’vhich  influences  the  shape 
of  the  silicon  profile.  In  the  case  of  the  diamond  400  reflection  the  FWHM  amounts  to 
2.7°.  Taking  into  account  the  broadened  silicon  profile,  it  can  be  concluded  that  the 
FWHM  of  the  {100}  distribution  function  in  sample  c  is  below  2.5°. 

In  order  to  clarify  the  mechanism  responsible  for  the  formation  of  the  observed 
fibre  textures,  we  studied  the  dependence  of  the  film  texture  on  the  film  thickness. 
This  was  achieved  by  successively  etching  a  190  fim  thick,  <110>  textured  CVD 
diamond  film  in  an  oxygen  discharge  (8).  The  etching  was  performed  in  an 
asymmetric,  capacitively  coupled  rf  glow  discharge  system,  which  provides  an  intense 
and  strongly  anisotropic  flux  of  energetic  oxygen  ions. 

After  different  etching  periods,  i.e.  at  different  film  thicknesses,  the  powder 
diffiaction  pattern  of  the  film  was  analyzed.  In  Fig.  7  the  ratio  of  the  220  and  1 1 1 
reflection  intensity,  1220^^111'  a*  a  function  of  the  film  thickness.  At  large 

film  thicknesses  the  220  reflection  dominates,  in  accordance  with  the  pronounced 

<  110>  texture  of  the  present  sample.  The  decrease  of  the  film  thickness  leads  to  a 
strong  decrease  of  the  relative  intensity  of  the  220  reflection.  When  extrapolating  the 
experimental  data  towards  zero  film  thickness,  an  intensity  ratio  1220^^111 
obtained.  This  value  corresponds  to  a  random  distribution  of  crystal  orientations.  Thus 
it  can  be  concluded,  that  film  growth  starts  from  randomly  oriented  nuclei  and  that  the 
texture  develops  progressively  in  the  course  of  film  growth. 
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IV.  Discussion 

A.  Mechanism  of  texture  formation 

The  dependence  of  the  film  texture  on  the  film  thickness  clearly  shows  that  the 
texture  formation  is  due  to  evolutionary  selection  (IS),  i.e.  the  texture  results  from  the 
growth  competition  between  differently  orient^  crystallites.  This  mechanism  is 
illustrated  in  Fig.  8.  During  film  growth,  the  crystallites  grow  larger.  As  a 
consequence,  some  of  them  are  hurried  by  adjacent  crystallites  and  the  number  of 
crystallites  extending  to  the  surface  decreases  successively.  Due  to  the  anisotropy  of 
the  growth  velocity  only  those  crystals  with  the  direction  of  fastest  growth  oriented 
parallel  to  the  substrate  normal  survive.  As  a  consequence,  a  fibre  texture  develops 
with  increasing  film  thickness.  The  direction  of  the  texture  axis  equals,  the  direction  of 
festest  growth. 

B.  Direction  of  fastest  growth 

Since  the  direction  of.  fastest  growth  determines  the  axis  of  the  film  texture,  an 
important  question  is,  what  are  the  parameters  influencing  the  direction  of  fastest 
growth  ?  For  a  specific  nucleus,  the  direction  of  fastest  growth  is  given  by  its  longest 
dimension.  The  shape  of  the  nucleus,  on  the  other  hand,  is  determined  by  the  relative 
growth  rates  of  the  individual  faces  and  eventually  by  the  formation  of  twins.  CVD 
diamond  crystals  generally  grow  in  the  form  of  cubo-octahedra.  The  influence  of  the 
relative  growth  rates  on  the  shape  of  cubo-octahedra  is  illustrated  in  Fig.  9.  The 
parameter  a  equals  the  ratio  of  the  normal  growth  velocity  on  {100}  and  on  (111) 
faces  multiplied  with  the  square  root  of  3.  By  varying  a  from  1  to  3,  the  shape  of  the 
crystallite  varies  from  a  cubic  over  a  cubo-octah^ral  to  an  octahedral.  The  direction 
of  fastest  growth  varies  from  <111>  over  <110>  to  <100>  (sec  Fig.  10).  These 
are  exactly  the  texture  axes  observed  experimentally.  However,  unfortunately  reality  is 
not  that  simple.  Only  the  <  100>  texture  can  be  fully  explained  by  this  simple  model. 

C.  The  <1(X)>  fibre  texture 

In  order  to  explain  the  <1(X}>  fibre  texture,  it  is  sufficient  to  assume  that  the 
diamond  film  grows  from  cubo-octahedrally  shaped  nuclei,  with  a  slightly  below  3.  In 
this  case,  the  nuclei  form  octahedra  with  very  small  {100}  faces  at  the  tips.  The 
direction  of  fastest  growth  is  almost  perpendicular  to  these  {100}  faces.  For  that 
reason,  evolutionary  selection  leads  to  a  preferred  alignment  of  these  {100}  faces 
parallel  to  the  substrate  surface.  In  the  course  of  the  film  growth,  these  {100}  faces 
grow  larger  and  larger  and  one  ends  up  with  a  surface  which  is  completely  covered 
with  mote  or  less  parallel  {100}  faces. 
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This  process  has  been  simulated  in  two  dimensions  with  a  computer  program, 
which  calculates  the  temporal  evolution  of  a  growing  surface.  As  a  two^imensional 
analog  of  an  octahedron  with  truncated  tips,  squares  with  truncated  corners  were 
used  as  nuclei.  The  nuclei  were  randomly  orient^  and  distributed  with  an  average 
distance  d^.  Fig.  11  shows  typical  examples  for  simulated  two  dimensional  films 
grown  from  those  nuclei.  The  film  thickn^  is  3-dg  (Fig.  11a),  SO'd^  (Fig.  11b)  or 
300‘d(,  (Fig.  lie).  To  diSTiiminate  between  the  two  types  of  "foces”,  the  side  of  the 
squares  are  {dotted  as  thick  lines,  whereas  the  truncated  corners  are  plotted  as  thin  lines. 


The  computer  simulations  clearly  r^roduce  the  experimental  findings:  i.)  the 
alignment  of  the  (100}  faces  parallel  to  the  substrate  and  ii.)  the  disappearance  of  the 
{111}  fiices  at  the  surface.  For  comparison.  Fig.  12  shows  cleaved  edges  of  a  <  100> 
textured  diamond  film.  They  exhibit  the  same  columnar  structures  as  predicted  in 
Fig.  11b  and  11c. 

Another  aspect  also  supports  the  present  model.  The  ratio  between  the  size  of  the 
square  faces  at  the  surface  of  a  <  100>  textured  film  and  the  film  thickness  depends 
directly  on  the  growth  parameter  a.  In  Fig.  4  the  typical  dimension  of  t)<e  {100}  faces 
is  about  S  nm,  the  film  thickness  is  ISO  {rm.  From  these  values  a  growth  parameter  of 
a*=2.95  can  be  derived.  On  the  other  hand,  the  tilt  of  the  <  100>  directions  from  the 
surface  normal  also  allows  one  to  determine  a.  From  Fig.  S  and  Fig.  6  it  can  be 
concluded  that  the  tilt  angle  is  •<  1°.  This  value  corresponds  to  an  a  of  »  2.9S  in 
agreement  with  the  value  derived  above. 

One  of  the  most  imporant  features  of  sharply  <  100>  textured  diamond  films  is 
the  smooth  surface.  The  analysis  of  the  optical  reflection  profile  shown  in  Fig.  5 
revealed  that  the  surface  roughness  of  this  particular  sample  is  about  ISO  nm.  Another 
property  of  <100>  textured  diamond  films  also  deserves  mentioning.  When  the 
<100>  texture  is  fully  developed,  the  surface  is  covered  completely  with  {100} 
faces.  Thus  the  growth  of  <100>  textured  films  occurs  on  {100}  faces  which  are 
much  less  susceptible  to  twin  and  defect  formation  as  compared  to  {1 1 1}  faces  (16).  In 
Ref.  (14)  we  showed,  that  the  defect  induced  one-phonon  absorption  in  the  IR 
absorption  spectrum  is  considerably  reduced  in  the  case  of  <  100>  textured  diamond 
films. 


It  should  be  noted,  that  for  a  somewhat  smaller  than  3  the  present  model 
predicts  a  texture  axis  that  deviates  from  <  100> .  Clausing  et  al.  (9,  10)  reported  on 
fibre  textured  diamond  films  with  the  texture  axis  tilted  by  about  10°  from  <  100> . 
This  growth  morphology  is  consistently  explained  assuming  a»‘2.6. 
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An  independent  way  of  determining  a  may  be  the  characterization  of  crystallite 
shape  during  the  nucleation  phase  (10)..  However,  care  must  be  taken,  since  a  may  be 
influenced  by  the  presence  of  the  uncovered  Si  surface  due  to  surface  diffusion. 


D.  <110>  textured  films 

From  Fig.  10  one  would  expect  that  the  <  1 10>  texture  corresponds  to  an  a  of 
l.S.  However  there  are  two  reasons  which  contradict  this  assumption; 

i. )  The  surface  of  <  110>  textured  diamond  films  consists  completely  of  {1 1 1} 
faces.  This  has  been  shown  by  angular  resolved  optical  reflection  measurements 
and  by  SEM  micrographs  (8).  For  a=l.S,  however,  one  would  expect  both, 
{111}  and  {100}  facets  at  the  surface. 

ii. )  The  <  1 10>  texture  is  a  very  common  texture.  A  variety  of  diamond 
samples  prepared  under  differmt  growth  conditions  were  found  to  exhibit  this 
texture.  It  is  not  reasonable  to  assume  that  a  equals  exactly  1 .5  for  all  those 
samples. 

In  an  earlier  publication  we  have  proposed  and  discus.sed  a  possible  mechanism 
for  the  growth  of  <  110>  textured  diamond  films.  In  brief,  it  is  assumed  that  a  is 
larger  than  3  and  that  the  growth  of  octahedra  is  suppressed  due  to  the  preferred 
formation  of  twins  at  the  tips  of  octahedra.  These  assumptions  are  supported  by 
various  experimental  findings: 

i. )  As  mentioned  above,  <  110>  textured  diamond  films  do  not  show  {100} 
faces  at  the  surface.  The  formation  of  only  {111}  faces  suggests  that  a>3. 

ii. )  To  our  knowledge  octahedrally  shaped  nuclei  have  never  been  observed  in 
SEM  micrographs.  Sometimes  SEM  micrographs  show  structures  which 
resemble  octahedra  tips.  However,  a  closer  look  always  shows  that  these  tips  are 
terminated  by  small  {100}  faces. 

iii. )  SEM  micrographs  of  the  diamond  nuclei  at  the  beginning  of  film  growth 
often  show  multiply  twinned  particles  with  surfaces  consisting  entirely  of  {1 1 1} 
faces.  These  particles  often  exhibit  five-fold  comers.  The  twins  forming  such  a 
comer  have  a  common  <  110>  axis  which  equals  the  directio:^  of  fastest  growth 
of  the  comer.  This  example  shows  that  twinning  can  lead  to  surface  structures 
which  consist  only  of  {111}  faces  and  where  <  110>  is  the  direction  of  fastest 
growth. 
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The  surfiue  of  <110>  textured  Jiamond  films  consists  of  {111}  faces  with  a 
high  density  of  twin  planes  normal  to  the  surfsce.  This  polysynthetic  growth 
morphology  leads  to  a  large  numb«'  of  roof-sluqred  and  re-entrant  110  edges  (see 
Fig.  4).  Angus  et  al.  (17)  have  pointed  out  that  caiW  attachment  at  the  re-entrant  1 10 
edge  of  a  twinned  bi-crystal  will  lead  to  an  increased  growth  rate  in  the  direction  of 
the  common  <110>  direction. 

All  these  arguments  demonstrate  that  frequent  twinnirig  may  change  the  direction 
of  fastest  growth  from  <  100>  (expected  for  a  >3)  to  the  common  <  110>  direction 
of  the  twinned  material. 

E.  Twin  formation 

Twinning  is  a  very  common  phenomenon  associated  with  the  growth  of  diamond 
from  the  gas  phase.  Especially  {111}  faces  are  very  suscqrtible  to  twin  formation  since 
the  energy  required  to  grow  an  incorrectly  stacked  monolayer  is  very  low  (18).  To 
study  the  formation  of  twins  without  paying  attention  to  the  irregularities  of 
polycrystalline  diamond  films,  it  is  interesting  to  investigate  twinning  under  homo- 
epitaxial  growth  conditions. 

In  a  preliminary  investigation  we  analyzed  the  amount  of  twinned  material  in  a 
3S0  /rm  thick  homoepitaxial  diamond  film  grown  on  a  {111}  diamond  substrate.  The 
substrate  thickness  was  1  mm.  The  analysis  was  performed  with  the  X-ray 
diffractometer  used  for  the  texture  measurements.  To  discriminate  between  twinned 
and  untwinned  material,  the  detector  was  positioned  at  26  of  the  220  reflection 
diamond  and  the  sample  was  orioited  such,  that  the  reflection  condition  was  fulfill.- 
for  one  of  the  {220}  lattice  planes  inclined  35.7”  against  the  {111}  surface.  If  the 
sample  is  rotated  about  its  <1I1>  normal,  the  reflection  condition  will  be  re¬ 
established  every  120”.  The  lattice  of  a  twin  can  be  obtained  by  rotating  the  original 
lattice  by  an  angle  of  60”  about  the  <  111  >  stacking  direction.  For  that  reason  one 
expects  that  the  220  reflections  of  twinned  regions  of  the  homoepitaxial  film  appear  at 
the  intermediate  angles.  This  is  exactly  what  we  observed  experimentally.  Fig.  13 
shows  the  diffracted  intensity  (plotted  on  a  logarithmic  scale)  as  a  function  the  rotation 
angle.  The  {220}  lattice  planes  of  the  substrate  and  of  untwinned  regions  of  the 
homoqritaxial  film  show  up  in  the  form  of  pronounced  peaks  which  are  indeed 
separated  by  an  angle  of  120”.  At  the  intermediate  angles  the  weak  reflection  lines  of 
the  twinned  regions  can  be  clearly  observed.  The  relative  integrated  intensity  of  these 
additional  reflection  lines  is  about  2’lQr^,  Taking  into  account  that  the  diamond 
substrate  constitutes  75  %  of  the  sample,  we  estimate  that  about  1  %  of  the 
homoqritaxial  film  consists  of  twinned  material. 
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V.  Conclusions 


It  has  been  shown  that  the  crystalline  structure  and  the  morphology  of 
polycrystalline  CVD  diamond  films  generally  dq)end  on  the  growth  conditions  and  the 
film  thickness.  Starting  from  randomly  oriented  nuclei,  a  preferred  orientation  of  the 
crystallites  will  develop  with  increasing  film  thickness  (unless  secondary  nucleation  is 
enforced  to  inhibit  textured  growth).  Growth  competition  between  differently  oriented 
grains  and  evolutionary  selection  will  lead  to  the  development  of  a  fibre  texture  with 
the  fibre  axis  given  by  the  direction  of  fastest  growth  of  the  diamond  crystallites.  By 
varying  the  growth  conditions,  textured  films  with  the  texture  axis  parallel  to 
<100>,  <110>  or  <111>  have  been  prq>ared. 

A  model  has  been  proposed,  where  for  the  general  case  of  cubo-octahedral 
crystallite  morphology  the  texture  axis  is  determined  by  the  relative  growth  rate 
parameter  For  a  slightly  below  3,  <  100>  textured  growth  will 

occur,  with  the  surface  terminated  by  {100}  faces.  <  110>  textured  growth  with  the 
surface  formed  by  (111}  faces  requires  a>3  plus  additional  twinning  to  generate  the 
maximum  growth  velocity  along  <  110> .. 

The  various  growth  schemes  and  resulting  textures  have  immediate  implications 
for  the  application  of  the  films.  Textured  growth  leads  to  an  increase  in  grain  sizes 
with  increasing  film  thickness  and  finally  to  a  columnar  structure.  For  the  <  110> 
texture  this  goes  parallel  with  an  increase  in  surface  roughness.  However,  in  the  case 
of  <  100>  textured  films  the  surface  roughness  can  be  limited  due  to  an  increasing 
alignment  of  {100}  faces  parallel  to  the  sample  surface.  It  is  evident  that  this  "self 
polishing"  growth  mechanism  is  important  for  any  application  where  a  smooth  surface 
is  required. 
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Fig.  1:  Diffraction 
geometry  for  X-ray 
texture  measurements 


CHI  (deg.)  CHI  (deg.) 

Fig.  2:  X-ray  pole  figures  of  a  ISO  ^m  thick  diamond  film  (sample  c) 
showing  sharp  <  100>  fibre  texture 
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Pig.  S:  Angle  resolved  optical 
reflection  of  sample  c;  zero  degrees 
corresponds  to  specular  reflection 
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Fig.  7:  Intensity  ratio  of  the  220  3 
to  111  X-ray  diffraction  peak  as  a  ^ 
function  of  film  thickness  for 
<  110>  textured  sample  b 


Fig.  6:  X-ray  rocking  curve  (004 
reflection)  of  Si  substrate  and 
diamond  film  (sample  c) 


X  (do) 


Fig.  8:  Computer  simulation  of  two- 
dimensional  crystal  growth  from  randomly 
oriented  square  nuclei.  Distances  are 
normalized  to  average  nuclei  distance  d_ 


Fig.  9:  Morphology  of  diamond  crystallites  as  a  function 
of  relative  growth  rate  parameter  a=^V^‘ViQQ/V]|| 


Fig.  10:  Pole  figure  showing  expected  texture  direction  for 
1  a  £  3.  Values  of  a  and  corresponding  particle  shapes  are 
indicated 


Fig.  13;  X-ray  220-diffraction  intensity  of  epitaxial  diamond 
film  on  Ill-oriented  substrate.  Azimuthal  angle  fp  describes 
sample  rotation  about  <  1 1 1  >  normal 
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ABSTRACT 

A  graphics-output  computer  model  of  combustion  flame  synthesis 
of  thick  diamond  structures  starts  with  small  statistical  ''intrinsic”  variations 
in  the  growth  rate  of  individual  crystallites  in  the  film.  The  model  simulates 
"competitive  shadowing"  (large  differences  in  growth  rates  among 
neighboring  crystallites  due  to  nutrient  redistribution),  a  phenomenon  which 
has  been  shown  to  strongly  influence  the  microstructure  of  thick  diamond 
structures.  The  same  mo&l  also  simulates  suppression  of  the  mo^hological 
instabilities  characteristic  of  steady  state  synthesis  of  thick  diamond  by 
periodic  renucleation  using  very  thin  layers  of  diamond-like  carbon  (DLC) . 
Relations  between  the  DLC  deposition  time  and  tite  thick  film  density  can  be 
calculated 

Introduction 

One  critical  phenomenon  which  accompany  high  rate  growth  of  diamond  is 
morphological  instability  (1).  Increasing  film  thicknesses,  at  high  growth  rates,  results  in 
extremely  rough  surfaces,  the  trapping  of  voids  and  discontinuities  and  the  incorporation 
of  non  diamond  phases  in  the  growing  film.  These  characteristics  are  typical  of 
morphological  instabilities  when  surface  diffusion  and  re-evaporation  processes  are 
absent  and  instability  is  promoted  by  the  high  rate  arrival  of  the  appropriate  species  from 
the  flame  ambient  to  the  surface.  As  certain  of  the  crystallites  grow  slightly  faster  than 
their  neighbors,  they  project  out  ahead  topographically  and  consume  the  gas  stream 
nutrients  before  those  nutrients  can  reach  the  nei^bors.  This  causes  the  initially  faster- 
^wing  crystallites  to  accelerate  in  growth  rate  by  "nutrient  overfeeding",  and  the 
initially  slower-^wing  crystallites  to  decelerate  by  "nutrient  starvation",  'i^e  result  is 
the  classic  instability  termed  "competitive  shadowing". 

Recently,  a  strategy  for  defeating  competitive  shadowing  in  the  growth  of  thick 
diamond  films  has  been  demonstrated  experimentally  (2).  By  periodically  changing  the 
flame  chemis^,  in  the  combustion  flame  synthesis  of  diamond,  to  a  more  carton-rich 
mixture,  a  thin  layer  of  diamond  like  carton  (DLQ  can  be  deposited  on  top  of  the 
already-grown  diamond.  Upon  resumption  of  the  original  flame  chemistry,  new  ^amond 
crystallites  nucleate  on  the  just-deposited  DLC  layer.  Since  these  new  crystallites  are  not 
epitaxially  related  to  the  underlj^g  diamond  c^staUites,  their  orientations  and  growth 
rates  are  again  random.  Each  single  fast-growing  crystallite  is  replaced  by  a  group  of 
crystallites  of  random  orientations,  as  is  each  slow-growing  crystallite.Thus,  on  the 
average  the  growth  rates  of  the  fast-growing  regions  are  reduced  and  those  of  the  slow- 
growing  regions  are  increased.  While  provimng  the  above  benefit,  periodic  deposition  of 
DLC  is  not  without  cost.  Most  importantly,  DLC  contamination  can  lead  to  reduced 
thermal  conductivity  and  increased  electrical  conductivity  of  the  diamond;  acctnxlingly  the 
volume  fraction  of  DLC  must  be  minimized  while  still  retaining  the  beneficial  effects  of 
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DLC  in  lenucleating  diamond  crystallites.  Accordingly,  it  is  desireable  to  be  able  to 
rapidly  predict  the  efiects  of  DLC  deposition  on  the  control  of  mo^holo^cal  instability 
during  the  diamond  growth  process.  The  model  described  below  is  an  initial  attempt  to 
do  so. 

Model  for  morphological  instability  in  thick  diamond  film  growth 

Many  researchers  have  investigated  film  growth  from  the  vapor  phase.  For 
example.  Bales  et  al.  (3)  smdied  competitive  shadowing  using  analytical  techniques.  The 
"first-principles”  models  which  have  been  developed  from  such  studies  provide  a  rich 
base  of  knowledge.  However  the  present  problem,  involving  periodic  changes  and  spatial 
variations  in  the  gas  chemist^  and  resulting  diamond  film  structure,  as  well  as  an 
eventual  requirement  for  real-time  process  control,  was  judged  to  be  more  conveniently 
treated  in  an  "aggregate"  manner,  by  lumping  the  physic  Jly-relevant  behavior  into  a 
small  number  of  state  variables.  This  permits  a  model  which  is  computationally  simpler 
and  can  be  run  in  a  microcomputer  environment.  By  using  a  programming  language  (in 
this  case,  Microsoft  BASIC  on  a  Macintosh)  which  contains  built-in  graphics  commands, 
such  a  modelling  environment  permits  graphical  depiction  of  the  morphology  integrally 
with  the  predictions,  which  assists  in  rapid  assimilation  of  the  predictions,  their 
comparison  against  experiment,  and  improvement  of  the  model.  With  modem 
microcomputers  such  as  the  Macintosh  11,  the  computational  speed  is  high  enough  that 
simulations  can  be  run  in  seconds  despite  the  simplicity  of  the  programming  language. 

The  aggregate  model  tracks  the  growth  of  a  thick  diamond  film  by  numerically 
simulating  crystal  growth  using  an  approximate,  but  physically-meaningful, 
representation  of  the  growth  process  itself.  The  logic  of  the  model  is  summarize  in 
Figure  1  and  describe  in  the  following  sections.  "Crystallites"  are  nucleated  on  the 
substrate.  Random  variables  are  used  within  the  progrm  to  select  the  orientation  and 
intrinsic  growth  rate  of  each  crystallite.  This  simulates  the  modest  initial  growth 
variations  observed  experimentally.  The  crystallites  are  then  permitted  to  grow  in 
numerical  increments,  with  a  fixed  geometric  aspect  ratio.  At  each  step  the  growth  rate  of 
each  crystallite  depends  not  only  on  its  intrinsic  growth  rate,  but  also  on  its  current  height 
relative  to  the  average  height  of  all  of  the  crystallites.  This  simulates  competitive 
shadowing.  If  periodic  DLC  nucleation  is  utilized,  then  after  a  specific  growth  time,  new 
crystallites  are  nucleated  (by  random  variable  selection)  on  tiie  tops  of  the  previous 
generation  of  crystallites,  and  the  entire  cycle  is  repeated. 

Discussion  of  the  actual  numerical  scheme,  program  flowchart,  user  inputs  and 
outputs,  etc.  is  beyond  the  scope  of  the  present  paper. 

A.  Statistical  nucleation  and  growth  of  crystallites 

1.  Statistical  nucleation  of  crystallites 

Initially  the  surface  area  available  for  nucleation  is  a  single  region  (the  substrate) 
but  at  later  steps  will  consist  of  multiple  regions,  namely  the  top  surface  area  of  each  of 
the  already-grown  crystallites.  A  number  of  cryst^ites  can  be  nucleated  within  each  area, 
and  the  probability  (rf  successful  nucleation  will  depend  on  the  area  as  well  as  the  amount 
of  DLC  deposited.  To  model  this  process,  each  such  area  (As)  available  for  nucleation  is 
divided  into  a  number  (Ns)  of  discrete  sites.  Thus  the  area  of  each  site  is  As/Ns.  The 
DLC  deposition  time  is  t  dlc-  Fof  each  site,  the  probability  (Pn)  of  nucleating  a  new 
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crystallite  within  that  site  depends  on  its  surface  area  and  the  DLC  deposition  time, 
according  to  the  equation; 

P„=l-e,p(-t0Lc‘K™,)/K,)  (1.) 

where  Ki  is  a  constant.  This  equation  was  selected  to  meet  the  limiting  behavior 
requirements  such  as  Pn  =  0  for  tDLC=0  or  As=0,  and  Pn  =  1  for  toLC  =  •»  or  As  =  “>. 

Each  site  is  interrogated  to  determine  whether  or  not  nucleadon  has  occurred.  To 
do  this,  a  random  trial  number  Nti  between  0  and  1  is  selected  using  the  RND  function. 
Comparison  of  the  nucleation  probability  from  eq.  (1)  against  this  random  number 
generates  the  actual  prediction  of  nucleatioi^o  nucleation  at  mt  site: 

If  Pn  <  Ntl  then  nucleation  is  deemed  to  have  occurred  on  that  site  (lb) 

If  Pn  >  Ntl  then  nucleation  has  not  taken  place  on  that  site.  (Ic) 

By  this  scheme,  nucleation  will  occur  (on  the  average)  at  Pn  of  the  similar  sites. 

If  nucleation  occurs  at  a  site,  the  area  of  the  "bottom"  of  the  crystallite  thus 
formed  is  assumed  to  equal  a  given  fraction  of  the  area  of  that  site. 

2.  Statistical  orientation  of  crystallites 

For  each  crystallite  which  is  successfully  nucleated,  an  orientation  is  chosen.  At 
present,  to  keep  the  model  simple,  the  orientation  is  assumed  to  fall  into  one  of  two 
discrete  populations,  either  (100)  or  (111).  The  orientation  of  each  crystallite  is 
determined  by  selecting  another  random  numbtf  Nt2  and  comparing  this  random  number 
against  the  total  fraction  of  grains  within  a  given  population.  The  fraction  of  {1(X)) 
oriented  grains  is  input  as  FioQ.  Thus; 

If  Nt2  <  Fi(X),  then  the  crystallite  is  of  { 1(X))  orientation  (2a) 

If  Nt2  >  Fi(X),  then  the  crystallite  is  of  { 1 1 1 )  orientation.  (2b) 

This  scheme  can  be  extended  to  any  number  of  orientations  by  inputting  additional 
population  fractions. 

In  the  graphical  simulations  which  follow,  a  square  pattern  represents  {1(X)) 
oriented  crystallites,  while  a  large  triangular  pattern  represents  (111).  Although  at  this 
stage  in  the  model  development  no  effect  of  cxientation  on  growth  rate  has  been  invoked, 
the  patterns  are  useful  to  help  discern  the  individual  crystallites.  Fen*  graphical  illustration 
purposes  (only)  a  value  of  0.9  for  Fioo  has  been  selected,  i.e.,  on  the  average  90%  of 
the  grains  will  be  { 100). 

3.  Statistical  "intrinsic"  growth  rate  of  crystallites 

The  growth  rate  of  any  given  crystallite  is  determined  by  its  orientation  and  the 
chemical  environment.  For  growth  of  diamond  by  the  flame  technique,  it  is  postulated 
that  at  high  temperatures  (>  1000  "C)  this  process  involves  the  preferentiid  ^wth  of 
{ 100}  faces  by  selective  etching  of  Mges  by  oxidizing  species  (OH,  CO.  CO2)  in  the 
flame  followed  by  lateral  propagation  of  these  ledges  to  grow  the  film  (4).  This  process 
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accounts  for  both  the  vertical  ^wth  (eventually  dominated  by  { 1(X))  faces)  and  lateral 
growth  which  produces  densincadon  between  the  crystallites.  At  lower  temperatures, 
ledge  creation  on  ( 100)  faces  by  oxidation  does  not  occur  and  ( 1 1 1 )  growth  dominates. 
Widi  this  physical  picture,  the  r^propriaie  state  variables  for  the  process  model  include 
the  local  density  at  each  ptmt  on  each  crystallite,  and  the  model  should  calculate  the 
geometric  extent  to  which  each  facet  grows  as  carbonaceous  material  deposits  on  that 
ledge,  the  geometric  extent  to  which  each  facet  can  be  etched  (in  a  temperature-dependent 
manner)  by  oxidizing  species,  and  the  changes  in  crystallite  morphology  due  to  such 
deposition  and  etching.  These  steps  depend  in  mm  on  the  overall  crystal  orientation. 
Modelling  the  growth  rate  in  this  way  would  have  the  considerable  advantage  of  being 
able  to  pr^ct  the  detailed  effects  of  local  temperarnre  and  flame  chemistry  (via  oxidation 
and  deposition)  on  crystallite  growth. 

At  present,  this  rather  complicated  picture  has  been  collapsed  into  a  much  simpler 
model  in  which  the  "intrinsic"  growth  rate  is  assumed  to  vary  statistically,  but  with  a 
shape  chosen  to  reproduce  the  intrinsic  variations  in  growth  rates  observed  in 
experiments.  To  do  this,  a  base  growth  rate  R|,b  is  selected  (corresponding  to  the  current 
average  temperature  and  average  flame  chemistry).  For  each  nucleated  crystallite,  a  third 
trial  variable  Nt3  is  selected  as  a  random  number.  The  effect  of  this  random  number  on 
the  growth  rate  is  "shaped"  with  a  growth  rate  exponent  ig  such  that  the  net  intrinsic 
growth  rate  Rg,i  of  that  crystallite  is: 

For  the  present  calculations,  ng  =  0.03  and  the  intrinsic  growth  rate  variations  are  quite 
small,  but  are  large  enough  to  trigger  the  larger  variations  in  growth  rates  due  to 
competitive  shadowing.  This  will  be  seen  in  the  predictions  which  follow.. 

Each  crystallite  grows  with  a  specified  aspect  ratio.  In  reality  this  aspect  ratio 
depends  on  the  local  temperature  and  flame  chemistry,  via  the  ledge  formation  and 
deposition  process  described  above.  In  the  present  model,  for  simplicity  the  growth 
aspect  ratio  is  the  same  for  all  crystallites;  it  determines  the  ratio  between  the  initial 
"bottom"  area  and  the  larger  "top"  area  which  each  crystallite  has  after  it  has  grown  for  a 
finite  time.  Physically  this  represents  the  manner  in  which  the  crystallites  grow  together 
to  fill  what  would  otherwise  be  voids  between  them,  and  thereby  form  a  dense  diamond 
film.  In  the  present  model,  no  attempt  is  made  to  prevent  any  one  crystallite  from  filling 
the  space  already  occupied  by  another  crystallite.  Thus,  in  the  graphical  output  which 
follows,  as  the  triangular  pattern  from  (111)  grains  overlaps  the  square  pattern  from 
(100)  grains,  a  mixed  pattern  appears  which  resembles  small  triangles  with  squares 
inside  diem. 

B.  Compedtive  shadowing 

If  each  ^stal  saw  the  same  local  external  environment,  then  it  would  continue 
growing  according  to  the  prescription  given  in  the  preceding  sections,  and  differences  in 
growth  rates  among  the  ciystals  would  not  be  particularly  severe.  However  this  is  not  the 
case.  As  certain  crystals  grow,  they  project  out  ahead  of  their  neighbors;  the  faster¬ 
growing  crystals  shield  the  slower-growing  neighbOTS  from  the  cartwn-rich  gases,  i.e., 
the  "nutrients."  This  pronss  accentuates  the  dinerences  in  growth  rates  and  ultimately 
leads  to  growth  instabilities  in  which  growth  is  dominated  by  a  small  number  of  narrow 
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crystals,  with  large  voids  between  them.  This  effect  is  "competitive  shadowing."  In  the 
present  numerical  model,  this  phenomena  is  modelled  by  tracking  the  distance  d‘  of  each 
crystal  from  a  reference  point  (corresponding  to  the  hot  portion  of  the  flame).  The 
average  distance  davg  for  all  of  the  crystks  is  computed  by  summation; 

d,yg  =  (l/N)p‘  (4) 


where  N  is  the  total  number  of  ciystals. 

Corresponding  to  the  physical  concept  that  individual  crystals  suffer  in  growth 
rate  (because  of  nutrient  starvation)  if  they  are  fi^er  from  the  reference  point  than  the 
average,  and  that  individual  crystals  excel  in  growth  rate  (because  of  nutrient 
overfeeding)  if  they  are  closer  to  the  reference  point  than  the  average,  the  growth  rate  is 
made  to  depend  upm  both  di  and  davg>  according  to  the  equation: 


R  =:R  .* 
g  g>i 


fd  ^P 

avg 

d: 


1  J 


(5) 


A  value  for  p  of  2  causes  relatively  mild  initial  variations  in  growth  rate  to  cascade  into 
large  differences,  as  shown  in  the  predictions  which  follow. 

C.  StabiUzation  of  growth  bv  periodic  DLC  deposition  on  growing  crystals 

The  experiments  to  date  have  shown  how  periodic  deposition  of  DLC  (diamond¬ 
like  carbon)  on  the  growing  crystals  can  stabilize  growth.  The  physical  mechanism  at 
work  appears  to  be  statistical  averaging.  By  renucleating  with  a  new  distribution  of 
crystals,  fast-growing  crystals  are  repTac^  by  slower-growing  crystals  (on  the  average), 
and  conversely.  This  prevents  the  fast-^wing  crystals  from  taking  over  and  permits  the 
slower-growing  crystals  to  catch  up.  It  is  s(xi  of  a  welfare  state. 

Renucleation  is  modelled  as  followed:  After  each  specified  ^wth  time  interval, 
^wth  of  all  crystals  is  stopped  and  the  top  of  each  currently-growing  crystal  is  divided 
into  a  finite  number  of  sites.  Renucleation  using  DLC  is  attempted  at  each  site.  The  same 
nucleadon  law  as  described  in  section  A.1  above  is  used.  Renucleation  occurs  at  some 
fraction  of  the  sites  available  on  top  of  the  crop  of  currently-growing  crystals.  Because 
renucleation  is  via  DLC  deposition,  it  is  assum^  that  there  is  no  relationship  between  the 
orientation  or  growth  rate  of  the  "old"  crystal  and  the  probability  of  nucleation, 
orientation,  or  growth  rate  of  any  "new"  cryst^s  which  are  nucleated  on  it. 

It  is  also  assumed  that  growth  of  the  old  crystals  stops  when  renucleation  is 
imposed,  so  that  the  only  crystals  which  grow  after  each  renucleation  step  are  those 
successfully  nucleated  dunng  that  step.  This  assumption  could  be  tested  by  experimental 
exammadon  of  thick  films  so  grown. 

The  cycle  of  growth/renucleadon/growth,  etc.  is  repeated  undl  the  largest  crystal 
exceeds  a  specified  size,  at  which  point  the  calculadon  stops. 
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Predictions 

A.  Growth  without  iieniicleation  -  Competirive  shadowinp  effects 

Figure  2  shows  a  simulation  of  continuous  film  growth  (i.e.,  wiAout  renucleadon 
by  DLC  deposition).  Because  there  is  no  renucleadon,  individual  grains  preserve  their 
characteiisdcs  such  as  orientadon  (indicated  by  the  square  or  triangular  pattern)  and 
intrinsic  growth  rate  for  the  entire  film  growth.  At  the  early  stages  (Fig.  2,  left)  the  film 
grows  with  only  minor  variadons  in  growth  rates  among  the  individual  grains,  reflecting 
the  small  growth  rate  exponent  n^r  (0.03)  in  (3).  However  at  the  later  stages  ^ig.  2, 
right)  these  small  "intrinsic"  variations  grow  into  large  differences  in  crystallite  height,  as 
the  effects  of  competitive  shadowing  (eq.(S))  become  more  pronounced.  In  such  a  film, 
substantial  voids  are  still  left  above  the  slowest-growing  crystallites  at  the  time  growth 
would  have  to  be  stopped  because  of  the  length  of  the  fastest-growing  crystallites.  This 
simulation  corresponds  well  to  experiment^  thick  films  grown  witiiout  renucleadon 
(e.g..  Figures  4, 5,  and  6  of  reference  1),  which  show  extensive  voids. 

B.  Growth  with  renucleadon  -  Stahilizarion  of  morphology 

Figure  3  shows  a  simulation  of  interrupted  film  growth,  in  which  renucleadon  by 
DLC  is  imposed  after  each  increment  of  growth.  The  initial  stages  (Fig.  3,  left)  are 
similar  to  the  initial  stages  of  Figure  2.  However  during  the  later  stages  (Fig.  3,  right) 
the  benefits  of  renucleadon  with  DLCs  become  clear:  Large  differences  in  the  extent  of 
growth  are  suppressed  by  the  renucleadon  process.  The  output  shows  graphically  how 
the  growth  of  "old"  grains  stops  and  is  replaced  by  the  nucleation  and  p;rowth  of  "new" 
grains  on  top  of  the  old  grains.  For  example,  the  two  (111)  grains  (triangular  pattern) 
which  were  initially  nucleated  in  the  simulation  have  stopped  growing  and  have  been 
replaced  by  { 100}  grains  (square  pattern)  which  have  nucleated  on  top  of  them.  The 
ouq)ut  also  shows  new  (111)  grains  nucleating  on  top  of  { 100)  grains.  Due  to  this 
renucleadon,  voids  above  the  slower-growing  crystallites  are  filled  in  as  they  are  replaced 
by  faster-growing  crystallites,  and  excessive  growth  by  fast-growing  crystallites  is 
arrested.  The  result  is  a  simulated  film  which  is  much  more  dense  than  that  produced 
without  renucleadon,  and  with  a  much  lower  surface  roughness.  This  simulation 
conesponds  well  to  the  experimental  observations  of  thick  films  grown  with  renucleadon 
(e.g.  Figure  12  of  reference  1  and  Figures  4  and  5  of  reference  2),  in  which  dense  thick 
films  have  been  grown. 

In  the  simulation  of  Figure  3,  a  "long"  DLC  deposition  time  was  used,  which 
causes  extensive  renucleadon  tetween  diamond  growth  stages.  Figure  4  illustrates  the 
effect  of  shorter  DLC  deposition  times.  As  the  DLC  deposition  time  is  decreased,  the 
renucleation  probability  after  each  growth  stage  decreases  (eq.  la)  ,  leading  to  an 
increasingly  "voidy"  film.  Thus,  some  minimum  DLC  deposition  time  will  be  required  in 
order  to  produce  dense  diamond  films.  However  (as  mentioned  above)  the  DLC 
deposition  time  cannot  be  made  too  long,  otherwise  there  will  be  an  excessive  fiaction  of 
non-diamond  phases  in  the  film.  Modeling  should  be  useful  in  determining  the  optimum 
renucleation  time. 

Figure  4  showed  one  trial  for  each  deposition  time.  Figure  5  summarizes  the 
results  of  a  number  of  trials  for  each  condition.  The  output  for  each  trial  is  a  "uniformity 
parameter"  calculated  from  the  final  morphology.  As  can  be  noted  from  Figure  4,  values 
greater  than  about  5  for  this  parameter  correspond  to  a  dense  film  appearance.  Figure  5 
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shows  that  due  to  statistical  variations,  if  a  number  of  films  were  to  be  grown  using  fixed 
growth  procedures,  then  in  order  to  ensure  that  the  "worst  case"  still  produces  a  dense 
film,' the  Die  deposition  time  woidd  have  to  be  almost  twice  the  avera^  deposition  time 
required  for  a  dense  film.  As  noted  above,  the  excess  DLC  deposited  by  such  a 
procedure  could  compromise  the  thermal  ccmductivity  of  the  diamoiid  film.  These  results 
emphasize  thepotendal  value  of  in-process  monitoring  and  intelligent  process  control,  in 
which  the  DLC  deposition  time  during  any  one  film  growth  could  be  tailored  to  the  film 
which  is  actually  evolving,  rather  than  having  to  be  prescribed  in  ad\  ance  to  cover  the 
worst  case. 

Concluding  remarks 

The  present  model  is  clearly  only  a  first  attempt  at  simulating  morphological 
instability  ("competitive  'ihadowing")  and  its  suppression  in  diamond  film  mwth  by 
flame  deposition.  Wl.  .  the  model  is  not  as  fundiunental  as  atomistic  models  (instead 
relying  on  aggregation  of  the  controlling  physical  mechanisms  by  internal  state  variables), 
it  is  capable  ^  treating  more  complex  situadons  (for  example,  periodic  renucleadem )  and 
eventually  of  being  u^  in  real-dnr.  e  process  control. 

Areas  in  which  improvement  of  the  model  for  the  present  purposes  would  be 
appropriate  include:  (1)  a  more  physical  representadon  of  the  manner  in  which  crystallite 
growth  occurs  by  ledge  etching  (by  oxidauve  species  in  the  ^as)  followed  by  deposidon 
of  carbonaceous  species  on  these  aedve  ledges,  (2)  predicnon  of  the  growth  rates  and 
aspect  rados/densification  rates  produced  by  this  ledge  aedvadon  process,  and  (3) 
prmetion  of  the  effects  of  flame  chemistry,  te'nt«rature,  and  histc^  on  this  ledge 
growth  process. 
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Figure  2.  Model  simulations,  showing  cross  sectional  structure,  of  S  stages  in  the  growth 
of  a  thick  diamond  film  without  renucleation.Tompetitive  shadowing"  causes  initial 
minor  variations  in  growth  rate  (left)  to  be  amplified  into  major  mcnphological  instabilities 
(right). 


Figure  3.  Model  simulations  of  5  stages  in  the  growth  of  a  thick  diamond  film  with 
periodic  renucleation  by  DLC  deiroiition  at  the  end  of  each  stage.  The  periodic 
renucleation  suppresses  morpholo^cal  instability  and  leads  to  a  much  more  dense 
simulated  thick  Mn. 
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Figure  4.  Model  simulations  of  the  final  film  produced  using  periodic  renucleadon  by 
DLC  deposition,  for  various  times.  The  longer  the  DLC  deposition  time,  the  denser  the 
film. 


Figure  S.  Simulated  effect  of  DLC  deposition  time  upon  the  "uniformity  parameter" 
(measure  of  film  density).  Statistical  variations  in  nucleation  and  growth  cause  the 
minimum  DLC  deposition  time  required  to  produce  dense  films  to  be  almost  twice  the 
average. 
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ABSTRACT 

The  effects  of  gas-phase  residence  time  on  the  properties  of  chemical 
vapor  deposited  (CVD)  diamond  films  are  reported.  Films  were  preptired 
by  microwave  plasma  CVD  at  various  gas  flow  rates,  while  keeping  other 
process  parameters  constant.  Depositions  were  repeated  at  40  Torr  and 
23  Torr,  and  on  either  diamond-abraded  Si  wafers  or  a  microcrystalline 
diamond  (MCD)  layer.  The  diamond  films  were  analyzed  using  scanning 
electron  microscopy,  x-ray  diffraction,  electrical  resistivity,  Raman  and  in¬ 
frared  spectroscopies.  Some  films  displayed  preferred  crystal  orientations 
and  surface  morphologies.  The  invariance  of  the  deposition  rate  with  gas 
flow  is  rationalized  using  flow  modeling.  We  argue  that  the  flow-dependent 
variation  in  film  properties  is  caused  by  changes  in  gas- phase  concentra¬ 
tions,  which  are  due  to  differences  in  plasma  residence  time. 

INTRODUCTION 

X-ray  lithography  membranes  are  a  potential  near-term  application  for  CVD 
diamond.  Diamond  films  are  attractive  because  of  an  extremely  high  Young’s  mod¬ 
ulus,  thermal  conductivity  and  radiation  hardness.*”®  Using  microwave  plasma 
CVD,  we  have  deposited  diamond  films  which  Eire  under  tensile  stress.  The  free- 
stEinding  membranes  have  high  visible  Eind  IR  transmission,  and  are  stable  under 
extended  x-ray  irradiation.®  Control  of  the  structured  properties  of  the  diamond 
films  may  be  important  for  increasing  the  tensile  strength  £ind/or  Young’s  modulus 
of  the  membreines.  In  efforts  to  manipulate  CVD  dieimond  film  properties,  we  have 
investigated  the  effect  of  reactemt  residence  time,  and,  to  a  lesser  extent,  substrate 
prepEiration  and  gsis  pressure,  on  disimond  film  morphology  and  texture.® 

EXPERIMENTAL 

Diamond  films  were  deposited  in  an  AsTEX  2.45  GHz  microwave  plasma 
system,  with  a  chamber  i.d.  of  140  mm.  Substrates  were  mounted  on  an  induc¬ 
tively  heated  graphite  susceptor.-  The  substrate  temperature  was  regulated  using  a 
thermocouple  embedded  in  the  susceptor.  An  uncorrected  one-color  (2.0-2. 6  /im) 
pyrometer  registered  growth  temperatures  of  ~760  C.  A  constant  ratio  of  1% 
CH4/H2  was  metered  by  sepsu-ate  flow  controllers  to  25-800  seem.  The  microwave 
power  was  1.45  kW  at  40  Torr  or  1.10  kW  at  23  Torr.  Because  of  the  chamber 
geometry,  our  results  are  substantially  different  from  the  study  of  Zhu,  et  al? 
Samples  were  prepared  either  on  diamond-abraded  50  mm  disimeter  Si  wafers, 
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or  onto  an  intermediate  layer  of  microcrystalline  diamond  (MCD).  Each  Si  wafer 
was  HF-dipped  after  abrasion,  pumped  to  ~10“^  Torr,  then  etched  for  5  min 
with  a  hydrogen  plasma  at  the  growth  pressure.  For  films  deposited  directly 
on  Si,  diamond  growth  conditions  at  a  chosen  flow  rate  would  then  ensue.  The 
growth  time  was  chosen  to  yield  films  of  nominal  2  /im  thickness  suitable  for  x-ray 
lithography  membranes;  5  hours  at  40  Torr  or  7  hours  at  23  Torr.  For  films  grown 
on  MCD,  the  diamond  growth  step  was  preceded  by  deposition  with  4%  CH4/H2 
for  60  min,  followed  by  a  30  min  etch  in  pure  Hj,  both  at  200  seem.  Continuous 
diamond  films  were  deposited,  due  in  part  to  the  high  nucleation  density  provided 
by  the  diamond  abrasion  process. 

The  films  were  analyzed  ex  siiu  with  scanning  electron  microscopy  (SEM), 
x-ray  diffraction  (XRD),  Raman  scattering,  photoluminescence  (PL)  and  infrared 
(IR)  transmission  spectroscopies.  Electrical  measurements  were  made  at  1  and 
10  V,  between  a  masked  region  on  the  Si  and  A1  dots  evaporated  onto  the  diamond 
film.  The  deposition  plasma  was  monitored  with  optical  emission  spectroscopy. 
Assuming  an  average  gas  temperature  of  300  C,  the  residence  time  for  gas  fiows 
of  800  to  25  seem  ranged  from  3  to  100  sec  or  from  0.3  to  9  sec,  considering  either 
the  chamber  volume  above  the  susceptor  or  the  plasma  volume,  respectively,  at 
40  Torr.  The  apparent  residence  times  were  a  factor  of  ~2  shorter  at  23  Torr. 

RESULTS  AND  DISCUSSION 

The  electrical  resistivity  was  similar  for  all  40  Torr  samples,  ranging  across 
the  wafer  from  10*-10”  fl-cm,  as  grown,  and  10**-10’®  fl-cm,  after  annealing  at 
900  K  under  1  atm  Nj  for  2  hrs.  No  variation  with  respect  to  fiow  rate  or  surface 
preparation  (on  Si  or  MCD)  could  be  discerned.  Analysis  of  the  PL  spectra  will  be 
presented  elsewhere.®  The  optical  emission  spectra  varied  little  between  the  range 
of  40  Torr  growth  conditions.  Most  bands  were  due  to  excited  states  of  atomic  or 
molecular  hydrogen.®  Excited-state  CH  and  C2  emission  bands  were  not  detected 
under  the  1%  CH4/H2  conditions. 

1.  Film  Morphology 

The  crystalline  film  morphology  (Figure  1)  showed  a  strong  dependence  on 
fiow  rate.  For  ihe  40  Torr  samples  on  Si,  smooth  (100)  and  (111)  facets  of  ~1  pm 
size  were  dominant  for  100  and  200  seem  conditions,  respectively,  with  most  ori¬ 
ented  approximately  parallel  to  the  growth  surface.  Random,  but  distinct,  crystal 
facets  occurred  at  higher  flow  rates,  while  a  rough,  small-grain  matrix  was  ob¬ 
served  between  the  larger  grains  at  low  flows.  The  morphology  of  the  40  Torr 
deposits  on  MCD  was  similar,  but  small,  facetted  grains  were  present  under  all 
flow  r  .nditions. 

The  diamond  films  deposited  on  Si  at  23  Torr  showed:  ~1  pm  (111)  facets 
at  25  seem;  smooth,  randomly-oriented  ~2  pm  (100)  faces  at  100  and  200  seem, 
with  finer  intergranular  growth  in  the  latter;  <0.5  pm  grains  at  800  seem  flow. 
All  the  23  Torr  growths  on  MCD  displayed  small  grain  sizes  (~0.5  pm  at  25  seem, 
<0.3  pra  at  800  seem),  with  some  1  pm  (100)  faces  imbedded  in  the  100  seem  film. 
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2.  Crystal  Structure 

The  XRB  spectra  of  the  deposited  films  showed  the  diamond  (111),  (220), 
(311)  and  (400)  reflections,  but  often  with  relative  intensities  different  from  those 
predicted  from  a  powder  pattern,  for  randomly  distributed  grains.  While  only  a 
pole  figure  can  provide  a  complete  description  of  preferred  orientation,  significant 
deviation  from  predicted  intensities  provides  (limited)  information  on  the  film 
texture.®  In  our  case,  the  texture  reflects  the  preferred  orientation  of  those  grmns 
whose  (hkl)  planes  are  parallel  to  the  substrate  surface,  since  only  those  contribute 
to  the  spectra  in  the  d/2d  coupled  scan  mode. 

Many  of  the  40  Torr  diamond  films  exhibited  a  preferred  orientation  (Fig¬ 
ure  2a).  The  films  on  MCD  had  a  (110)  texture,  as  indicated  by  the  intensity 
ratio  I(lll)/I(220)  <  4,  which  was  independent  of  flow  rate.  The  films  prepared 
on  Si  mostly  had  (111)  preferred  orientations,  with  the  strongest  texturing  at  25 
and  50  seem.  Interestingly,  the  100  seem  films,  which  displayed  dominant  (100) 
facets,  showed  no  evidence  of  an  enhanced  (400)  reflection;  one  sample  had  a  non- 
random  I(lll)/I(220)  value  (~8).  Specht,  et  observed  a  [17,3,0]  texture  for 
a  sample  with  square  facet  morphology,  in  which  the  intense  (400)  scattering  was 
observed  out  of  the  normal  scattering  plane  (x  0). 

Under  the  23  Torr  conditions  (Figure  2b),  the  films  on  MCD  exhibited  a 
greater  [llOj-preferred  orientation  than  the  40  Torr  films,  and  the  extent  of  the 
texturing  increased  at  higher  flow  rates.  The  films  on  Si  and  on  MCD  both 
showed  flow  dependent  changes  in  preferred  orientation.  As  at  40  Torr,  the  25 
and  200  seem  films  on  Si  exhibited  a  [111]  texture.  The  800  seem  flow,  however, 
induced  a  [110]-texturing  of  the  diamond  films  on  Si. 

The  texture  of  films  deposited  directly  on  Si  has  been  shown  to  be  depen¬ 
dent  on  deposition  temperature.*®  For  the  40  Torr  depositions,  we  found  that 
substrate  temperature  variation  of  ~10  C  did  not  give  rise  to  significant  changes 
in  film  morphology.®  Interestingly,  the  films  in  our  study  showed  little  correla¬ 
tion  between  surface  morphology  and  crystal  texture,  unlike  the  filament-assisted 
growths  reported  by  Kaae,  e<  al.** 

The  observation  of  [110|-oriented  diamond  films  deposited  on  MCD  layers  is 
consistent  with  the  microwave  plasma  study  of  Kobashi,  el  ol.,*®’*®  who  found 
that  the  extent  of  [llOj-texturing  depended  sensitively  on  both  CH4/H2  ratio  and 
deposition  time.  A  [llOj-preferred  orientation  was  also  observed  in  films  deposited 
with  combined  microwave-filament  activation.*^’*®  A  [110)-textured  diamond  film 
was  reported  for  the  case  of  dc  plasma  deposition  on  Si,*®  but  the  nucleation 
details  were  not  given,  and  may  have  employed  an  MCD  or  DLC  layer.  The  film 
morphology  was  shown  to  be  sensitive  to  the  conditions  of  initial  layer  formation 
in  microwave*®  and  combustion  flame*®  depositions. 

In  the  study  of  Wild,  el  al.,**  the  [llOj-texturing  parallel  to  the  growth  direc¬ 
tion  increased  continuously  with  film  thickness.  A  model  of  evolutionary  selection 
was  used  to  explain  the  tendancy  toward  increased  texture  with  increasing  film 
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thickness  or  decreasing  separation  of  diamond  nuclei. In  light  of  this  model,  the 
increased  [110]-texturing  we  observed  in  films  on  MOD  may  be  explained  by  the 
smaller  grain  sizes  present  in  those  films. 

3.  Deposition  Rate 

It  is  important  that  the  film  thicknesses  be  similar  so  that  comparisons  are 
made  between  samples  at  the  same  stage  of  growth.  The  deposition  rate  was 
gauged  either  from  the  weight  gain  on  the  entire  wafer,  or  from  the  interference 
fringes  in  the  IR  transmission  spectra.  The  film  thickness  showed  little  variation 
with  flow  rate  among  the  40  Torr  samples  (Figure  3),  indicating  growth  rates 
within  20%  of  ~0.25  pm/hr..  The  difference  in  thickness  between  the  films  grown 
on  Si  and  on  MCD  is  due  solely  to  the  MCD  layer,  and  does  not  represent  an 
increase  in  growth  rate  of  the  40  Torr  samples.  At  23  Torr,  the  deposition  rate 
increased  with  the  flow  rate:  ~0.20  (im/ht  at  25  seem,  ~0.30  pm/hr  at  800  seem. 

4.  Raman  Spectra 

All  films  prepared  in  this  work  showed  the  sharp  (~8  cm“’)  crystalline  di¬ 
amond  peak  at  1334  cm“^,  a  broad  (~100  cm"*)  amorphous  carbon  band  near 
1530  cm"* ,  and  a  luminescence  background.*®  For  the  40  Torr  films  (Figure  4),  the 
intensity  ratio,  Ii334/Iis3o  =  Id/IaC)  varied  with  flow  rate  on  Si  (Id/Iac  ~  2  to  5) 
and  on  MCD  (0.8  to  1.6),  and  exhibited  maxima  at  moderate  flows  (400  seem  and 
100  seem,  respectively).  In  the  case  of  the  23  Torr  films,  the  amorphous  carbon 
component  was  larger,  and  the  Id/Iac  ratio  generally  decreased  with  increasing 
flow  rate,  both  on  Si  (Id/Iac  ~  2.2  to  0.5)  and  MCD  (0.5  to  0.3). 

5.  Flow  Modeling 

To  help  interpret  the  observations,  numerical  simulations  of  the  flow  geome¬ 
try  were  performed  which  demonstrated  the  importance  of  convective  flow  in  our 
reactor.  Temperature  contours  were  calculated  by  assuming  a  fixed  temperature 
susceptor,  and  were  found  to  be  insensitive  to  flow  rate.  Neglect  of  the  plasma 
as  a  heat  source  is  warranted  in  low  pressure  (<1  Torr)  plasmas.  Temperature 
measurement  of  a  30  Torr  dc  discharge  diamond  CVD  plasma  showed  gas  kinetic 
temperatures  of  1200-1300  K,  slightly  above  the  susceptor  temperature.^®  Addi¬ 
tion  of  the  plasma  as  heat  source  would  serve  to  enhance  the  vortex  structure  in 
the  center  of  the  chamber. 

Flow  velocities  were  determined  using  finite  difference  techniques.**  Vortices 
above  the  growth  surface  are  predicted  at  all  flows,  and  are  shown  in  Figure  5 
for  the  low  and  high  flow  rate  cases  at  40  Torr.,  The  presence  of  recirculation 
cells  complicates  the  concept  of  residence  time  in  our  reactor.  Because  of  the 
increased  downweird  momentum,  the  flow  velocities  through  the  plasma  region 
actually  decrease  by  ~34%  as  the  flow  is  increased  from  25  to  800  seem. 

The  insensitivity  of  the  40  Torr  deposition  rate  on  gas  flow  rate  can  be  ra¬ 
tionalized  by  the  flow  pattern:  as  the  flow  rate  increases,  a  larger  portion  of  the 
gas  bypasses  the  growth  surface  and  is  shunted  directly  to  the  chamber  exhaust. 
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The  increase  of  the  deposition  rate  at  high  flows  at  23  Torr  may  be  a  result  of 
increased  gas  residence  time  near  the  surface,  and  is  being  investigated. 

To  understand  the  significant  flow-dependent  changes  in  diamond  film  mor¬ 
phology  and  texture,  we  performed  separate  experiments  in  which  a  decrease  in 
plasma  power  was  found  to  affect  the  film  morphology,  whereas  an  independent 
decrease  in  substrate  heating  (~10-30  K,  the  same  change  as  resulted  from  the 
decrease  in  plasma  power)  caused  little  change.*  Thus,  we  believe  that  changes 
in  the  concentrations  of  diamond-growth  species,  perhaps  from  subtle  variations 
of  the  residence  time  in  the  plasma,  are  responsible  for  the  flow  dependence  of  the 
film  properties.  Mass-dependent  reactant  diffusion  through  the  vortex  may  also 
alter  the  effective  carbon  fraction  above  the  growth  surface. 

CONCLUSIONS 

We  have  studied  the  effect  of  gas  flow  rate  and  substrate  preparation  on 
microwave  plasma-assisted  diamond  deposition.  The  diamond  film  texture  and 
morphology  can  be  influenced  by  both  the  gas  flow  rate  and  the  deposition  surface. 
Films  of  ~2  (tm  thickness  can  be  prepared  with  varying  degress  of  [111]  texturing 
by  altering  the  flow  rate.  An  initial  MCD  layer  induces  a  [llOj-oriented  diamond 
film,  even  under  the  same  growth  conditions  that  produce  [lllj-oriented  films  on 
Si.  This  fact  suggests  that  the  texture  variations  for  diamond  films  on  Si  are  to 
some  degree  determined  by  the  nucleation  step,  perhaps  through  an  effect  on  the 
grain  size.  Lower  pressure  growth  conditions  enhanced  the  [110]  texturing.  Flow 
modeling  showed  recirculating  vortices  under  the  40  Torr  conditions. 
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Figure  1.  SEM  of  diamond  films  deposited  at;  (a,b)  40  Torr;  (c,d)  23  Torr. 
The  40  Torr  films  grown  on  Si  show  dominant  facets  at  intermediate  flow,  but 
random  faceting  at  high  and  low  flow.  The  40  Torr  films  grown  on  MCD  show 
similar  features,  plus  small  grains  under  all  flow  conditions.  The  23  Torr  films 
show  grain  sizes  of  <  0.5  fim,  except  for  samples  deposited  on  Si  at  intermediate 
flow  conditions. 
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Figure  4.  Raman  spectra  of  diamond  films:  (a)  on  Si;  (b)  on  MCD.  The  Raman 
signature  of  diamond  at  1332  cm“*  is  evident  in  the  spectra  of  all  films.  The 
25  seem  spectrum  in  (a)  was  shifted  horizontally  for  clarity.  The  Raman  spectrum 
of  an  MCD  layer  on  Si  is  also  shown  in  (b). 


(a)  25  seem  (b)  800  seem 

Figure  5.  Simulation  results  for  our  reactor  geometry  and  an  assumed  susceptor 
temperature  of  800  C,  wall  temperature  of  60  C,  and  gas  flow  rate  of:  (a)  25  seem; 
(b)  800  seem.  The  calculated  temperature  profiles  are  given  on  the  left  side  of  (a) 
and  (b)  with  a  contour  spacing  of  52  C.  The  lengths  of  the  flow  fleld  vectors  (on 
the  right)  correspond  to  gas  velocity.  The  two  velocity  plots  are  scaled  differently, 
with  the  circled  vectors  representing:  (a)  7.4  cm/sec;  (b)  4.9  cm/sec.  Note  that 
the  velocity  in  the  vortex  region  is  lower  at  the  higher  flow  rate. 
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We  have  investigated  the  initial  stage  of  crystal 
growth  and  growth  processes  of  chemical-vapor-deposition 
(CVD)  diamond  with  a  scanning  electron  microscope  (SEM) 
and  a  transmission  electron  microscope  (TEM) ,  making  use 
of  the  SENTAXY  (Selective  Nucleation  Based  Epitaxy) 
technique  by  which  it  is  "possible  to  control  the 
nucleation  sites  and  therefore  to  fabricate  CVD  diamond 
array.  The  growth  of  the  same  particle  has  been  pursued 
by  SEN  observation.  Overgrowth  and  preferential  growth 
have  been  observed.  Removal  of  a  small  particle  during 
crystal  growth  has  also  been  observed.  Moreover,  an 
investigation  concerning  with  nucleation  has  been  done 
by  plane-view  and  cross-sectional  TEM.  It  has  been  clear 
that  the  defects  near  the  surface  of  the  substrates  with 
high  concentration  have  close  relation  to  diamond 
nucleation  sites. 


INTRODUCTION 

The  applications  for  semiconducting  or  optical  devices  have 
been  expected  of  the  cheraical-vapor-deposition  (CVD)  diamond 
synthesized  from  gas  phase  at  low  pressure..  However,  because  of 
random  nucleation  of  diamonds  on  hetero-substrates,  CVD  diamond 
thin  films  are  polycrystalline,  which  restricts  to  malte  good  use 
in  devices.  The  diamond  SENTAXY  (Selective  Nucleation  Based 
Epitaxy)  technique  makes  a  great  approach  to  applications  since 
single-crystal-diamond  array,  as  shown  in  Fig. 1(a)  can  be 
fabricated (1) ,  (2) ,  (3) .  The  SENTAXY  technique  has  been  carried 
out  in  the  field  of  silicon  first,  and  a  success  in  device  has 
been  made (4),  (5).  The  diamond  SENTAXY  is  a  novel  technique  not 
only  in  applications  but  also  in  fundamental  research,  e.g. 
elucidation  of  nucleation  and  crystal  growth,  because  the 
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technique  enables  to  grow  crystals  separately  and  to  control 
nucleation  sites  artif itially.  This  makes  it  much  easy  to 
study  diamond  nucleation  sites  on  the  substrates  and  crystal 
growth  of  CVD  diamond.;  In  addition,  it  is  very  important  for 
the  SENTAXY  diamond  itself  to  make  it  clear  whether  the 
particle  synthesized  separately  with  this  technique  is  a 
single  crystal  or  not.  In  this  paper,  we  have  investigated 
the  initial  stages  of  crystal  growth  and  the  growth  processes 
of  CVD  diamond  by  pursuing  the  growth  of  a  same  particle  with 
a  scanning  electron  microscope  (SEM) .  A  transmission  electron 
microscope  (TEM)  studies,  from  both  plane-view  and  cross- 
sectional  view,  has  also  been  carried  out. 


EXPERIMENTAL 

[1]  Procedure  of  the  diamond  SENTAXY: 

The  substrates  used  here  were  Si  wafers  patterned  with 
square  dots  or  stripes  as  shown  in  Fig.-2(a)  and  (b) 
respectively.  The  dots  and  stripes  are  made  from  Si  itself.. 
The  dot  size  is  1.2  iuiixl.2  jun  with  0.2  pm  in  height  and  the 
interval  between  the  dots  is  10  nm..  The  stripes  are  1.2  pm  in 
width  and  0.2  pm  in  height  and  10  pm  separated  each  other. 

Before  deposition,  a  two-step  process  for  substrate 
treatment  has  been  done.  First,  the  substrates  were  pretreated 
by  abrasive  powders  (diamond  powders  of  about  30pm  in  diameter) 
using  an  ultrasonic  generator  for  3  minutes. 

Then,  after  the  pretreatment,  an  oblique  irradiation  by  an 
argon  beam  to  the  substrates  was  carried  out.-  The  argon  beam  was 
produced  by  a  D.C.ion  source.  The  pressure  of  the  argon  gas  was 
10"®  Torr  and  the  accelerated  voltage  of  the  beam  was  5kV  with 
current  of  50  pA.  By  irradiating  obliquely,  diamond  nucleation 
sites  are  selectively  localized  on  the  dot  edges  opposite  to  the 
incident  direction  of  the  beam..  We  call  this  edge  "the  opposite 
edge"  and  the  effect  of  the  nucleation  on  the  opposite  edges 
"the  edge  eff ect"  (1 ) ,  (2) .  The  argon  beam  was  irradiated 
perpendicularly  to  the  stripes  when  stripe-patterned 
substrates  were  employed. 

Finaly,  a  microwave  plasma  CVD  system  was  employed  for 
fabrication  of  diamond.  C0(15  vol.^l/Hz  mixture  was  used  and 
the  reaction  pressures  were  30-35  Torr.  Substrate  temperatures 
were  900-1000  °C. 

[2]  SEM  observation:; 

After  a  certain  growth  time  by  the  microwave  plasma  CVD 
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mentioned  above,  the  samole  was  taken  out  of  the  CVD  apparatus, 
observed  by  SEM,  then  returned  to  the  apparatus  for  further 
growth.  This  procedure  was  repeated  several  times.  The  SEM 
observations  were  aimed  on  the  same  Si  dot  patterned  on  the 
Si  wafer  in  order  to  pursue  the  crystal  growth  process. 

[3]  TEM  observation: 

A  High-Voltage  TEM  operated  at  200  kV  (H-800)  and  an 
Ultra-High-Voltage  TEM  operated  at  2000  kV  (UH-3000)  in 
Research  Center  for  Ultra-High-Voltage  Electron  Microscopy  of 
Osaka  University  have  been  used.  Both  plane-view  and  cross- 
-sectional  view  were  observed.  The  plane-view  TEM  specimens  were 
prepaed  by  thinning  the  substrates  with  HF : HNO3 : CHsCOOH.  The 
cross-sectional  lEM  specimens  were  prepared  by  slicing,  lapping, 
and  then  thinning  by  an  argon  ion  milling.  The  stripes- 
patterned  substrates  were  employed  for  the  cross-sectional 
observation  because  it  was  difficult  to  obtain  cross- 
-sectional  images  of  the  dots  and  the  diamonds  forming  on  their 
opposite  edges. 


RESULTS  AND  DISCUSSION 

[1]  Observations  by  SEM: 

Fig. 3  shows  a  growth  process  of  CVD  diamond  observed  by 
SEM.  Due  to  the  pretreatment  of  the  abrasive  powders  and  the 
oblique  irradiation  of  the  argon  beam,  the  Si  dot  is  no 
longer  a  square.  Two  diamond  particles  (A  and  B)  are 
formed  on  the  opposite  edge  of  the  Si  dot  the  initial 
stage.  As  growth  time  passing,  the  particle  at  right  hand  (A) 
grows  preferentially  while  the  left  one  (B)  seems  no  growth. 

In  addition,  after  50  minutes,  B  dissapears  from  the  dot.. 
It  is  not  clear  whether  because  of  the  overgrowth  under  A  or 
because  of  being  removed  by  the  discharge.  This  kind  of 
preferential  growth  has  often  been  observed.  After  1-1.5  hours, 

A  grows  large  to  be  identified  as  a  twinned  crystal  of  1-2  pm. 
Astonishingly,  a  small  particle  (C)  begins  to  grow  on  the 
opposite  edge,  and  grows  large..  It  burys  gradually  under  A  due 
to  the  overgrowth.  Finally,  it  almost  burys  at  all  in  A  except 
a  small  protruding  part  on  (100}  facet  of  A.  This  kind  of 
particles  are  often  observed  in  SEM  images  and  usually 
considered  as  second-order  nucleations.  In  fact,  it  is  "the 
head"  of  a  particle  hiding  tehind  or  burying  under  a  large 
particle.. 

[2]  Observations  by  TEM: 

Three  plane-view  TEM  (UH-3C00)  images  are  shown  in  Fig. 4- 
The  Si  dot  appears  in  shape  of  square.  Some  defects  of 
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dislocations  are  formed  in  the  specimen  due  to  the  pretreatment 
by  abrasive  powders  and  during  the  deposition  process  with 
high  temperature.-  The  incident  beams  is  illustrated  by  the 
arrows,  and  diamonds  are  formed  on  the  opposite  edges  of  the 
dots.  In  Fig. 4  A,  it  is  recognized  that  defects  are  created 
densely  along  the  four  edges  on  the  square  dot  instead  of  the 
center  part.  This  is  because  the  dots  protrude  on  the  surface 
and  the  abrasive  powders  are  much  bigger  (30tim  in  diameter) 
compared  with  the  dots..  The  diamond  particle  is  formed  on  the 
area  where  the  defects  concentration  is  high.  On  the  edge  at 
left  hand,  no  diamond  is  formed  in  spite  of  high  defect  density. 
It  is  considered  that  the  argon  beam  affected  only  onto  the 
surface  of  the  dot  rather  than  the  inside,  and  so  the  inside 
defects,  being  revealed  by  the  high  penetration  TEM,  remained. 
However,  though  there  are  high  density  defects  in  Fig. 4  B,  no 
particle  is  formed  here.  This  is  a  special  example,  n  most 
cases,  diamond  particles  grow  on  the  opposite  edges  of  the  dots. 

In  Fig. 4  C,  two  diamond  particles  are  formed  on  one  corner 
of  the  dot.  The  overgrowth  of  one  particle  ha.'^  been  observed 
in  this  figure  also  with  TEM  as  well  as  observed  with  SEM 
mentioned  above.  From  this  observation,  it  is  obvious  that 
there  is  a  close  relation  between  diamond  nucleation  sites 
and  the  defects,  though  it  cannot  conclude  that  diamond 
nucleation  sites  are  formed  by  the  defects  until  a  much  high 
resolution  observation  is  carried  out. 

The  cross-sectional  TEM  (H-oOO)  images.  Fig. 5,  show  how 
the  diamond  particles  grow  on  the  edges  of  the  stripes.-  The 
original  Si  stripes  are  not  so  sharp  at  the  edges,  and  are  made 
duller  by  the  pretreatment  and  mainly  by  the  beam  irradiation. 
The  arrows  indicate  the  incident  beam  direction.-  Diamond 
particles  are  formed  on  the  opposite  edges.  The  dark  line 
(Fig. 5  A)  seen  under  the  diamond  particles  is  corresponding  to 
the  difference  in  thickness  of  Si,  not  to  defects.  Inside  the 
Si  stripes,  no  defect  is  observed  except  on  the  left  edge  of 
the  stripe  shown  in  Fig. 5  B.  Associating  with  the  result  of  the 
plane-view  TEM  shown  in  Fig. 4,  however,  it  is  considered  that 
the  defects  exist  almost  on  the  surface  of  the  substrates  (or 
the  dots).  On  the  other  hand,  although  the  deep  defect  can  be 
seen  on  the  left  edge  of  the  stripe  shown  in  Fig. 5  B,  no 
diamond  is  formed  there.-  This  is  because  the  area  of  the 
defect  appearing  on  the  stripe  surface  was  changed  to 
amorphous  by  argon  ’-earn  irradiation,  which  was  made  sure  by 
RED  (Reflection  Elec.,ron  Diffraction)  ( 1)  .  On  the  other  hand, 
the  nucleation  site  is  retained  on  the  opposite  edge  where  the 
beam  irradiation  is  shadowed  or  weekened. 

It  has  been  clear  that  the  defects  which  exist  on  the 
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surface  of  the  substrates  with  high  concentration  have  close 
i elation  to  diamond  nucleation  sites.  Even  though  there  is  a 
defect  to  the  deep  level,  it  is  not  able  to  work  as  a  nucleation 
site  if  the  surface  is  changed  into  amorphous. 


SUMMURY 

We  have  investigated  the  initial  stage  of  crystal  growth 
and  growth  processes  of  CVD  diamond  with  SEM  and  TEM  making 
use  of  the  SENTAXY  technique.  It  has  been  obseved  that  one 
particle  grows  over  others  to  form  a  "single  crystal"  which 
is  sometimes  missed  as  a  second-order  nucleation.  At  the  early 
stage  of  the  crystal  growth,  a  small-size  particle  can  be 
removed  off  and  vanished.  It  has  also  been  found  that  the  high 
density  defects  near  the  surface  of  substrates  have  close 
relation  to  diamond  nucleation  sites.; 
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Figure  1.  Typical  scanning  electron  microscope  image  of 

(a)  a  diamond  array  fabricated  with  the  SENTAXY  (Selective 

JIucleation  Based  Epitaxy)  technique,  ~ 

(b)  a  diamond  thin  film  fabricated  by  random  nucleation. 


I  t  of  the  patterned  Si  substrates. 

(a)  The  dots-patterned  substrate  :  a=1.2M*,  b=0.2  pm,  c=10ufl 
in  this  experiment. 

(b)  The  stripes-patterned  substrate  :  a=1.2  um  b=0  2 

c=10Mm  in  this  experiment.  ’ 
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Figure  3.  Growth  process  pursued  with  scanning  electron  micro¬ 
scope.  Growth  times  are  a..lOmin.  b.20min..  c.30min.  d.40min.. 
e.50min.  f .  Ihr.  g.  l.Shr.  h.2hr.  i.,3hr;  j.4hr.  k.Shr. 

The  particle  marked  with  A  grows  preferentially.  After  the 
particle  B  disappeared  (at  e.),  the  particle  C  is  formed 
newly  (at  f.)  and  then  buried  under  A  (at  j,k). 
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ABSTRACT 

The  diamond  nucleation  time  evolution  can  be 
reconstructed  analysing  the  data  obtained  from 
the  examination  of  a  single  deposited  sample 
surface,  once  the  single  diamond  particle  growth 
rate  is  assumed  to  be  known  and  the  particle  size 
distribution  is  measured.  In  this  way  it  is 
possible  to  get  information  on  the  initial  stage 
of  the  diamond  nucleation.  We  found  that  the 
nucleation  rate  exhibits  a  maximum  after  a 
certain  time  which  is  longer  the  lower  is  the 
deposition  temperature.  This  suggests  the 
existence  of  an  induction  period  of  slow 
nucleation. 

INTRODUCTION 

The  main  purpose  of  this  work  is  to  get  information  about 
the  initial  stage  of  diamond  nucleation  on  a  substrate 
surface.  To  achieve  this  goal  we  devised  a  kinetic  scheme 
that  relates  the  single  diamond  particle  growth  rate  and 
the  particle  size  distribution  to  the  nucleation  rate. 

We  analysed  several  diamond  deposits  made  on  Si  (111)  and 
on  Si  (100)  svbstrates .  The  nucleation  density  and  the 
particle  growth  were  observed  as  a  function  of  the 
deposition  time  and  temperature,  at  a  constant  gas 
composition.  The  particle  size  distribution  has  also  been 
recorded  for  each  sample. 

The  complete  nucleation  time  evolution  can  be  reconstructed 
by  the  analysis  of  the  data  contained  on  a  single  sample, 
once  the  single  particle  growth  rate  is  assumed  to  be  known 
and  the  particle  size  distribution  is  measured. 

We  consider  (1)  that  a  nucleus  of  average  radius  r  at  the 
time  t  derives  from  a  nucleus  which  has  nucleated  at  a 
previoOT  time  t,  .  The  time  t.  can  be  determined  from  the 
size  r  and  the  iftme  t  when  tne  law  of  growth  is  known. 
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We  consider  the  distribution  function  F(r,t  )  such  that 

I  = 

F(r,tg)dr  (1) 

equals  the  number  dN(t  )  of  nuclei  which  granulated  at  the 
earlier  time  t.  in  an  Interval  of  time  dt.  corresponding  to 
dr,  then:  “  ^ 

-  ^(r.tg  )_^  _  ^2) 

The  distribution  function  F{r,t  )  can  be  derived  directly 
by  counting  on  a  sample  surface,  where  a  deposition  has 
been  made  for  a  time  t  ,  the  number  of  particles  associated 
to  each  particle  size  r. 

Many  particle  growth  phenomena  may  be  approximated  by  a 
single  particle  growth  law  of  the  type 

r(t)  =  at”  (3) 

where  o  is  a  time  constant  (which  is  a  function  of 
temperature)  and  n  is  an  exponent  related  to  the  way  the 
particle  grows  by  acquiring  matter  from  the  outside  source. 
In  our  case  the  experimental  data  suggest  that  a  linear 
approximation  (i.e.  n=l)  may  be  a  reasonable  first  guess. 

A  constant  growth  rate  may  be  simply  justified  assuming 
that  the  particle  volume  growth  rate  is  proportional  to  its 
surface. 

This  for  a  spherical  particle  would  give 

=  «  4,rr2  (4) 

where  V  is  the  particle  volume,  a  is  the  rate  constant, 
then 

4irr^ 

and  r  =  at  (5) 

Considering  this  particle  size  growth  function  and 
according  to  the  previous  definitions: 


I 
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where  r  =  o  (t  -t.  )  has  been  substituted  in  the  function 
F(r,t  ),  t  is^the  duration  of  the  deposition  experiment 
and  €  is"  the  running  time  from  the  beginning  of  the 
deposition. 

We  notice  that  if  the  distribution  function  F(r,t  )  shows  a 
maximum  for  a  certain  size  r  occurring  between  r^O  and  the 
maximum  observable  r,  also  the  rate  of  nucleation  shows  a 
maximum  for  a  certain  time  t. 

Finally  the  nucleation  density  as  a  function  of  the 
deposition  time  tj^  is  found  by  integrating  (8): 


“’S)  =  %'“b  '  \ 


(9) 

a  (t  -t  ) 
g  b 


EXPERIMENTAL  RESULTS 


The  result  of  a  typical  deposition  obtained  on  a  Si (100) 
substrate  surface  kept  at  the  temperature  of  850“C  with  a 
Ta  filament  set  at  a  distance  of  5  mm  at  a  temperature  of 
2100“C  with  a  gas  composition  of  1%  CH^  and  99%  H,,  a  gas 
flux  of  100  seem,  a  dynamic  pressure  of  30  torr,  is  shown 
in  figure  1  and  2  as  seen  by  SEM. 

The  particle  size  distributions  have  been  obtained  from 
similar  pictures;  typical  distributions  are  plotted  in 
figs.  3  and  4.. 

Depositions  carried  out  for  different  times  allowed  the 
determination  of  the  particle  size  growth  rate.  An  example 
of  particle  size  growth  rate,  occurring  at  substrate 
deposition  temperature  of  950'’C,  is  shown  in  figure  5, 
where  it  is  possible  to  appreciate  the  nearly  linear  growth 
law. 


DISCUSSION  AND  CONCLUSION 

It  is  possible  to  appreciate  from  fig.  3  and  4  the  presence 
of  a  maximum  occurring  for  certain  particle  size  ro-  This 
maximum  shifts  toward  higher  size  with  increasing 
deposition  temperature.  From  these  distributions  the 
nucleation  density  evolution  as  a  function  of  time  can  be 
derived  by  the  formula  (9).  The  results  are  shown  in  figs. 
6  and  7.  The  time  evolution  of  the  nucleation  density  shown 
in  fig.  6  exhibits  clearly  a  sigmoid  behaviour.  The  sigmoid 
fiexus  shifts  toward  the  time  origin  when  the  temperature 
is  increasing  (fig.  7). 

For  a  tentative  explanation  of  the  presented  evidence,  let 
us  considt..-  a  simplified  nucleation  model,  according  to 
which  the  nucleation  occurs  on  a  certain  number  of  "active 
sites"  present  on  the  substrate  surface.  The  nucleation 
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rate  Is  therefore  proportional  to  the  number  of  "active 
sites"  still  present  at  each  time. 

Hence 


<  No  -  N(t^)  ) 


(10) 


where  v.  is  the  rate  constant  for  nucleation  and  No  the 
total  ntSmber  of  active  sites. 

Integrating  we  find 

N(tjj)  =  No  (1  -  e  "'^d  (11) 


and 


=  N,  e  ■’^d  ^  (12) 

dtj, 


recalling  (6)  and 

F(r)  = 

F(r)  = 

and  ^  _  No 

a 


(8)  and  substituting  in  (12)  we  get: 

A  e  '^d  for  r/o  4  t^ 

^  (13) 

0  for  r/o  >  t 

SJ 

V  e  -'^d  "^g 
d 


This  simple  exponential  function  provides  a  suitable 
fitting  of  the  data  at  high  temperatures,  however  it  does 
not  predict  a  maximum  in  the  particle  size  distribution  at 
values  of  r  between  the  minimum  and  the  maximum  values 
observed,  as  required  by  the  low  temperature  distributions. 
It  can  be  shown  that  a  more  detailed  treatment  which  allows 
the  description  also  of  the  lower  temperature  data  requires 
the  introduction  in  the  model  of  an  induction  time  for 
nucleation.  This  point  will  form  the  subject  of  a 
forthcoming  paper.; 
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Diamond  growth  on  Si(100).  T 950  C 


fig.  5  Diamond  growth  on  Si  (100),  T  =  950  °C,  2%  CH 
76  torr.  ’ 
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Nudei/urtx-^  _ 


Si(lll) 

455  °C,  20  min.,  methane  2  %,  76  torr 


0  200  400  600  800  100 

t  (b80) 


Si(lll) 

750‘’C,  t  =  20  min.,  methane  2  % ,  76  torr 


t  (eec) 

figs.  6,  7  Nucleation  density  versus  deposition  time.. 
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ABSTRACT 

The  technological  evaluation  of  commercially-available,  single  cry¬ 
stal  diamond  substrates  for  homoepitaxial  diamond  growth  is 
presented.  Surface  topographies  of  insulating  diamonds  (types  la, 

Ila,  and  Ib)  are  sho\yn,  and  microstructural  comparisons  are  exam¬ 
ined  with  X-ray  topography.  Wet  chemical  and  mechanical  clean¬ 
ing  procedures  are  briefly  reviewed.  The  effect  of  the  starting  sub¬ 
strate  on  the  resultant  homoepitaxial  diamond  film  can  be  par¬ 
tially  mitigated  by  the  proper  choice  of  substrate,  appropriate 
cleaning  protocol,  and  the  use  of  a  well-qualified  diamond  deposi¬ 
tion  technology. 

Introduction 

The  thermal  and  electrical  properties  of  diamond  make  it  an  excellent  can¬ 
didate  for  electronic  applications.  A  number  of  significant  problems  must  be 
overcome  before  the  potential  of  diamond  can  be  realized.  While  suitable 
heteroepitaxial  substrates  have  not  been  developed  yet,  the  fabrication  of  dii  • 
mond  transistors  on  natural  diamond  substrates  allows  testing  and  evaluation  of 
diamond  electronics  [ij.  One  problem  arising  in  the  fabrication  of  diamond  dev¬ 
ices  on  diamond  is  the  quality  of  the  natural  diamond  substrates.  Recent  stu¬ 
dies  indicate  that  X-ray  topography  is  a  potentially  valuable  technique  for 
characterizing  structural  defects  in  diamond  single  crystal  substrates  [2].  Selec¬ 
tion  of  high  quality  diamond  substrates  is  imperative  to  the  growth  of  high 
mobility  homoepitaxial  diamond  layers.  In  order  to  achieve  the  highest  electri¬ 
cal  quality  diamond  films,  growth  techniques  may  have  to  be  developed  which 
deposit  epitaxial  layers  without  replicating  the  crystalline  defects  commonly 
found  in  diamond  single  crystals. 

This  paper  presents  technological  results  accumulated  over  the  last  two 
years  that  pertain  to  the  quality  of  commercially-available  single  crystal 
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diamond  substrates,  the  cleaning  of  these  substrates,  and  the  resultant  homoep- 
itaxial  diamond  growth  by  low  pressure  rf  plasmarenhanced  chemicd  vapor 
deposition  (PECVD).  Both  uniform  coverage  and  selective-area  diamond 
homoepitaxy  are  described. 

Experimental  Procedures 

Natural  type  la  and  Ila  and  synthetically-produced  type  Ib  diamond  single 
crystals  have  been  evaluated  for  their  suitability  for  diamond  homoepitaxy. 
Cutting  and  polishing  to  nominal  (100)  orientation  were  performed  commercially 
by  the  vendors,  and  analysis  has  included  scanning  electron  microscopy  (SEM) 
[equipped  with  a  field  emission  gun)  on  un  coated  diamond  substrates.  X-ray 
topography  [3],  using  near-parallel  and  monochromatic  X-rays  prepared  from 
synchrotron  radiation,  has  been  used  to  evaluate  the  microstructure  of  selected 
type  la,  Ila,  and  Ib  single  crystal  diamonds  (not  necessarily  cut  and  polished  tc 
a  specific  orientation). 

Two  different  chemical  cleaning  methods  were  utilized.  Diamond  sub¬ 
strates  were  cleaned  with  the  RCA  cleaning  technique  [4],  which  has  found 
wide-spread  use  in  silicon  integrated  circuit  fabrication,  or  w'th  sequential  expo¬ 
sure  to  boiling  Cr03/H2S04  solution  (glass  cleaning  solution)  for  15  minutes  fol¬ 
lowed  by  boiling  aqua  regia  for  15  minutes  followed  by  a  dip  in  10:1  HjOjHF 
solution  and  complete  deionized  water  rinse.  The  efficacy  of  s^vabbing  to 
remove  particulates  has  also  been  evaluated.  Cotton-tipped  swabs  were  used  m 
deionized  water. 

Homoepitaxial  diamond  growth  was  accomplished  using  a  13.56  MHz 
inductively-coupled  plasma-enhanced  chemical  vapor  deposition  (PECVD)  sys¬ 
tem  as  described  in  more  detail  elsewhere  [5).  Briefly,  the  system  is  UHV- 
compatible  and  the  nominal  conditions  used  were:  1%  CH4  in  H2  or  1:2  mixture 
of  2%  CO  in  H2  and  1%  CH^  in  H2,  total  gas  flow  =  20-30  seem  (32.2-48.3  Pa¬ 
irs”*),  pressure  =  5.0  Torr  (667  Pa),  temperature  =  500-800 ‘C,  and  rf  power 
—  l.5kW.  The  homoepitaxial  diamond  films  have  been  characterized  with  SEM 
and  Raman  spectroscopy. 

Results  and  Discussion 

Diamond  Substrates 

Features  have  been  observed  on  the  surfaces  of  commercially-supplied  dia¬ 
mond  substrates  which  might  inhibit  high  quality  epitaxial  growth.  Figure  1 
shows  a  series  of  SEM  micrographs  from  several  as-received  natural  Type  Ila 
diamond  (100)  substrates  (size:  4  X  -1  X  0.25  mm).  It  can  be  seen  that  the  sur¬ 
face  topographies  do  vary  from  substrate  to  substrate,  and  some  are  clearly 
“better”  than  others.  However,  the  fine  unidirectional  scratches  are  observed 
on  all  substrates  of  this  size.  Commercially-produced  synthetic,  type  Ib  dia¬ 
monds  can  also  have  surface  topographies  that  may  influence  subsequent 
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epitaxy  (Figure  2).  However,  it  must  be  borne  in  mind  that  a  less  than  perfectly 
smooth  surface  topography  only  Indicates  that  the  polishing  process  needs 
optimization  and  does  not  necessarily  imply  that  the  bulk  of  the  substrate  is 
microstructurally  defective.  This  has  been  shown  by  electron-beam-induced 
current  (EBIC)  imaging  of  natural  semiconducting  type  lib  diamonds  in  the 
SEM,  where  it  has  been  seen  that  the  surface  scratches  bear  no  relationship  to 
subsurface  microstructural  defects  that  are  nonradiative  recombination  sites  [6]. 

The  extent  of  microstructural  defects  in  a  diamond  substrate  is  perhaps  a 
more  crucial  issue  pertaining  to  the  attainment  of  low-defect-density  homoepi- 
taxial  diamond  films  for  electronic  evaluation.  To  begin  to  examine  this  issue, 
X-ray  topographs  have  been  taken  of  natural  and  synthetic  diamond  single  cry¬ 
stals.  X-ray  topography  has  revealed  differences  in  the  internai  structure  of 
type  la  [7]  and  type  Ila  diamonds  (Figure  3).  Although  the  type  la  diamond 
appears  to  show  planar  defects  in  projection,  there  appear  to  be  fewer  defects 
and  defects  with  a  lower  degree  of  strain  and/or  crystallographic  misorientation 
than  the  type  Ha  crystals.  This  is  qualitatively  consistent  with  the  observations 
that  type  la  diamond  crystals  tend  to  exhibit  superior  axial  ion  channeling 
characteristics  than  type  Da  ciystals  [8].  While  these  results  appear  to  indicate 
a  trend,  variations  between  different  natural  diamond  crystals  may  not  permit 
these  results  to  be  generally  applicable  to  all  diamond  substrates  of  a  given 
type.  Also  shown  is  an  X-ray  topograph  of  a  synthetically  produced  type  Ib  dia¬ 
mond  which  has  defects  that  appear  to  have  propagated  radially  from  the 
center  of  the  crystal. 

Substrate  Cleaning 

Both  of  the  chemical  cleaning  procedures  described  above  have  been  used, 
and  both  techniques  have  met  with  successful  homoepitaxial  growth.  Unfor¬ 
tunately,  the  success  has  not  been  uniform  and  unequivocal.  The  reason  for  this 
has  been  that  residual  particulates  remain  on  the  surface  of  the  diamond  sub¬ 
strate.  The  effect  of  particulates  on  the  surface  is  the  nucleation  of  sporadic 
regions  of  polycrystalliue  diamond  material  interspersed  throughout  the 
homoepitaxial  film.  The  particulates  are  believed  to  result  from  the  commercial 
polishing  processes,  and* apparently  are  not  removed  with  wet  chemical  cleaning. 
Mechanically  cleaning  the  substrates  by  swabbing  with  cotton-tipped  swabs  in 
deionized  water  will  remove  most  of  the  particulates.  This  effect  is  shown 
dramatically  in  Figure  4  where  a  diamond  substrate,  which  had  been  intention¬ 
ally  contaminated  with  particulates  and  then  chemically  cleaned  (particulates 
still  remain  adherent),  is  shown  to  be  free  of  these  particulates  after  a  short 
time  (~  1  min.)  of  swabbing. 

Diamond  Homoepitaxv 

Figure  5  shows  the  change  in  surface  morphology  after  1  fim  of  diamond 
deposition  on  a  diamond  substrate.  Before  deposition  the  surface  shows  pits 
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and  polishing  scratches  present.  After  deposition,  the  surface  finish  is  greatly 
improved  as  little  surface  topography  is  visible.  This  planarization  is  an  impor¬ 
tant  feature  for  development  of  electronic  devices  in  diamond. 

The  effect  of  surface  planarization  during  homoepitaxial  growth  can  also  be 
illustrated  using  selective  homoepitaxial  deposition.  Epitaxial  lateral  over¬ 
growth  (ELO)  has  been  demonstrated  using  this  low  pressure  rf-driven  PECVD 
technique  (9).  A  lithographically  patterned  200  nm  thick  Si  mask,  which  sub¬ 
stantially  inhibits  diamond  nucleation,  has  been  used  to  define  the  diamond 
“seeds”  for  homoepitaxial  diamond  growth.  The  overgrowth  was  best  revealed 
by  chemically  etching  the  Si  from  the  diamond.  Figure  6  shows  SEM  of  a 
cleaved  cross-section  showing  diamond  ELO.  The  sample  has  been  sputter- 
coated  with  10  nm  of  Pt  to  prevent  char  Jng  during  SEM  examination.  Growth 
of  homoepitaxial  diamond  was  observed  to  be  approximately  isotropic,  extending 
over  the  Si  mask  by  0.45  /im  and  above  the  mask  by  0.50  /im.  There  is  evidence 
for  smooth  epitaxial  growth  above  the  diamond  seed  windows  and  faceting  on 
the  overgrowth.  Comparing  the  surface  of  the  epitaxial  layer  to  the  surface  of 
the  substrate,  the  initial  substrate  topography  has  been  planarized  by  this  dia¬ 
mond  homoepitaxial  deposition  process. 

Both  macro-  and  micro-Raman  spectroscopy  have  been  routinely  employed 
to  assess  the  crystalline  quality  of  the  homoepitaxial  diamond  films.  Spectra 
were  excited  using  the  514.5  nm  line  of  an  Ar"*"  ion  laser  with  a  micro-Raman 
spot  size  at  the  sample  surface  of  <  5  /um.  Shown  in  Figure  7  are  micro-Raman 
spectra  showing  the  1332  cm“*  diamond  LO  phonon  line  taken  from  the 
selective-area  homoepitaxial  film  and  taken  off  the  film  where  scattered  and  iso¬ 
lated  polycrystalline  diamond  crystals  have  grown  on  the  Si  mask.  The  full- 
width  at  half-maximum  (FWHM)  values  from  these  spectra  differ  by  1.6  cm“*  - 
with  the  homoepitaxial  film  having  the  narrower  peak.  This  is  consistent  with 
the  fact  that  the  Raman  signal  from  polycrystalline  diamond  films  have  greater 
FWHM  than  from  single  crystal  diamonds.  Another  homoepitaxial  diamond 
film  with  uniform  coverage  that  was  grown  on  a  (100)  type  Ila  substrate  was 
examined  with  micro-Raman  spectroscopy  by  focusing  on  the  surface  of  the 
homoepitaxial  film.  The  corresponding  1332  cm“*  diamond  LO  phonon  line  was 
found  to  have  a  FWHM  of  2.1  cm“*.  Because  of  the  small  depth  of  focus  of  the 
micro-Raman  system,  it  was  also  possible  to  focus  into  the  bulk  of  the  type  Ila 
substrate.  In  this  case,  the  FWHM  increased  to  2.4  cm“*.  Although  this  tech¬ 
nique  cannot  completely  isolate  the  Raman  signals  from  the  epitaxial  film  and 
the  substrate,  it  shows  qualitatively  that  this  homoepitaxial  diamond  film  is  of 
greater  perfection  than  the  substrate.  This  same  trend  has  been  seen  for 
homoepitaxial  diamond  grown  on  (100)  type  la  diamond  substrates,  but  the  dif¬ 
ferential  between  the  FWHM  of  the  epitaxial  film  and  the  type  la  substrate  is 
less  (on  the  order  of  0.1  cm"*). 
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Summary 

Prom  the  point  of  view  of  commerciai  avulabilitv,  type  la  diamond  sub¬ 
strates  currently  appear  to  be  microstructurally  superior  for  homoepltaxial 
growth.  Although  tL3re  remains  diamond  substrate  surface  topography  con¬ 
cerns,  if  the  substrates  are  mechanically  and  chemically  cleaned  properly  and  an 
adequate  diamond  deposition  technique  is  used,  the  surface  can  be  planarized 
for  device  fabrication.  The  evidence  accumulated  thus  far  indicates  that 
homoepltaxial  diamond  films  grown  with  rf  PECVD  are  superior  to  the  starting 
substrates.  The  ability  to  grow  homoepltaxial  diamond  selectively  with  ELO 
allows  for  the  possibility  of  creating  films  that  are  less  microstructurally  defec¬ 
tive  than  the  starting  substrate. 
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Figure  1.  Surfaces  of  different  as-received  (100)  type  Ila  diamond  substrates. 


Figure  2.  Surface  of  representative  as-received  (100)  type  Ib  diamond  sub¬ 


strate. 


Figure  3.  Representative  X-ray  topographs  from:  (A)  type  la  diamond,  (040)st 
[the  radial  defects  are  believed  to  have  been  created  when  the  dia¬ 
mond  was  cleaved  prior  to  analysis]; 
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Figure  4.  Surface  of  diamond:  (A)  after  intentional  particulate  contamination 
and  (B)  after  swabbing. 


Figure  5.  Surface  of  homoepitaxial  diamond  film  grown  on  (100)  type  la  dia¬ 
mond  substrate..  Compare  with  as-received  diamond  in  Figure  1., 
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Figure  6.  Cleaved  cross-section  showing  ELO  of  diamond  over  a  Si  mask  that 
has  been  chemically  removed:  (A)  inclined  view  and  (B)  edge-on 
view. 


Figure  7.-  Micro-Raman  spectra  from:  (A)  selective-area  homoepitaxial  diamond 
(shown  in  Figure  6)  and  (B)  polycrystalline  diamond  nucleated  on 
mask  (not  shown  in  Figure  6  because  it  was  etched  off). 
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ABSTRACT 

The  growth  of  diamond  on  silicon  by  the  use  of  a  hot  filament  and  methane 
hydrogen  was  monitored  by  reflectivity  and  elastic  scattering  of  1 .96  eV 
He-Ne  laser  radiation.  It  will  be  shown  that  the  development  of  the  elastic 
scattered  light  and  reflectivity  with  diamond  growth  give  Insight  into  the 
diamond  riucleation  and  growth  rates.  In  particular,  a  start  of  diamond 
growth  manifests  itself  by  a  strong  increase  of  the  scattered  light 
followed  by  structures  which  can  be  correlated  to  the  size  of  isolated 
diamond  crystals. 


INTRODUCTION 

The  ability  to  synthesize  diamond  films  by  assisted  chemical  vapor  deposition 
(CVO)  at  low  pressure  where  diamond  is  in  its  metastable  phase  is  now  well  stated. 
However,  the  film  morphology  on  substrates  other  than  diamond  precludes,  up  to  now, 
their  uses  in  the  fields  of  optic  and  electronic  :  the  continuity  of  the  films  arises  from 
the  juxtaposition  of  micrometer-sized  diamond  crystals  randomly  oriented  to  the 
substrate  and  as  a  consequence,  their  roughness  limits  their  tiansparency  and  the 
joints  between  crystals  deteriorate  the  electrical  properties.  In  order  to  progress,  one 
has  to  succeed  in  synthesizing  heteroepitaxial  diamond  films.  The  question  raised  is, 
whatever  the  technique  used,  the  low  pressure  diamond  growth  which  takes  place 
tridimensionally  with  a  slow  nucleation  rate.  This  type  of  growth  seems  to  preclude 
epitaxial  growth,  for  which  an  increase  in  the  nucleation  rate  and  bidimensional  growth 
would  be  more  favorable.  From  a  fundamental  point  of  view,  one  has  to  acquire  a  better 
understanding  of  the  nucleation  and  growth  mechanisms  by  employing  characterization 
techniques  sensitive  to  the  first  diamond  growth. 

In  this  spirit,  in-situ  optical  measurements  are  very  attractive  because  they  can 
give  Insight  into  the  diamond  growth  mechanisms  without  perturbing  the  experimental 
synthesis  conditions.  Considering  that  whatever  the  assisted  CVD  technique  (plasma,  hot 
filament...)  and  the  carbon  source  (methane,  acetylene...  bourbon)  are,  the  resulting 
diamond  morphology  is  the  same:  the  optical  techniques  becoming  very  interesting 
when  probing  the  diamond  surface  growth.  In  that  sense,  in-situ  variations  of  elastic 
scattering  of  light  and  reflectivity  with  deposition  time  of  low  pressure  diamond  on 
silicon  substrates  has  been  undertaken. 
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EXPERIMENTAL  DETAILS 


-  Synthesis  technique 

Diamond  films  have  been  synthesized  by  a  hot  filament  CVD  technique.  Details  of 
the  experimental  arrangement  have  been  described  elsewhere  (1).  Typical  synthesis 
conditions  were  a  0.5-2  at.%  methane  proportion  In  hydrogen  with  a  3000  Pa  total 
pressure  and  a  20  seem  total  flowrate,  a  2000  °C  heated  tungsten  filament  and  a  800 
“C  substrata  temperature,  in  order  to  Increase  the  nucleatlon  rate,  the  silicon 
substrates  were  scratched  with  1  pm  diamond  paste.  The  deposition  have  been  made 
either  with  a  grounded  substrate,  or  electron  assisted  with  a  100-200  V  positive 
substrate  potential.  This  forward  bias  presents  the  advantage  of  Increasing  the 
nucleatlon  rate. 

-  Optical  technique 

Elastic  scattering  of  light  and  reflectivity  measurements  have  been  undertaken 
In-situ,  in  the  CVD  apparatus.  The  incident  1.96  eV  He-Ne  laser  radiation  was  linearly 
polarized  with  the  electric  field  parallel  to  the  substrate  with  a  45‘  incidence  angle. 
The  elastic  scattered  light  was  defected  in  a  direction  normal  to  the  substrate,  in  order 
to  suppress  the  spurious  signal  due  to  the  light  emitted  by  the  hot  filament,  the  incident 
radiation  was  modulated  by  a  chopper  and  scattered  light  and  reflectivity  were 
simultaneously  measured  with  Lock-in  amplifiers. 


EXPERIMENTAL  RESULTS 

Figure  1  shows  the  development  of  scattered  light  and  reflectivity  with  diamond 
deposition  time.  The  synthesis  has  been  interrupted  three  times  :  at  30  mn.  120  mn 
and  450  mn,  in  order  to  allow  the  observation  of  the  final  morphology  at  the  end  of  each 
stages  of  the  diamond  growth.  Same  experimental  synthesis  conditions  were  used  at  each 
stages  :  a  1  at%  methane  proportion  in  hydrogen,  a  100  V  forward  dc  bias  and  a  800  ”0 
substrate  temperature.  The  general  trend  with  deposition  time  is  an  increase  in  the 
scattered  light  and  a  decrease  In  the  reflectivity.  However,  part  (a),  (b)  and  (c) 
evidence  three  different  variation  domains  of  the  scattered  light : 

-  Part  (a)  in  figure  1  corresponds  to  the  first  30  mn  deposition  time.  At  these 
first  steps  of  the  diamond  growth,  there  is  a  monotonIc  rise  in  the  scattered  light 
which  takes  place  after  about  15  mn  experimental  synthesis  conditions  are  well 
established.  At  the  end  of  this  first  stage,  observation  with  an  optical  microscope  with  a 
1000  magnifying  power  did  not  yet  evidence  any  diamond  crystals. 

•  Part  (b)  In  figure  1  corresponds  to  the  next  90  mn  diamond  growth.  The 
development  of  the  scattered  light  at  this  stage  of  the  growth  shows  strong  structures. 
At  the  end  of  this  second  stage,  SEM  micrographies  presented  in  Figure  2  (a)  and  (b) 
showed  isolated  well  faceted  diamond  crystals  of  about  800  nm  in  size. 

-  Finally,  part  (c)  in  figure  1  corresponds  to  the  last  330  mn  deposition  period. 
During  this  last  diamond  deposition  period,  the  scattered  light  first  continues  to 
Increase  but  finally  saturates  at  long  deposition  times  with  weak  and  more  or  less 
regular  oscillations  superimposed.  These  weak  oscillations  are  also  observed  in  the 
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reflectivity.  At  the  end  of  this  last  deposition  period,  micrography  in  figure  2  (c) 
shows  a  fully  covered  film  with  micrometer  sized  diamond  crystals 

Figures  3  shows  the  development  of  relative  scattered  light  intensity  with 
deposition  time  for  two  methane  proportion  in  hydrogen  :  (a),1  at.  %  and  (b),  0.5  at. 
%,  all  other  experimental  conditions  being  the  same  :  a  100  V  forward  dc  bias  and  a 
800  "C  substrate  temperature,  it  can  be  seen  that  for  both  conditions  the  general  trend 
Is  the  same  but  that  the  overall  relative  scattered  light  intensity  is  even  more  delayed 
from  the  beginning  of  the  growth  that  the  methane  concentration  is  lower.  From  the 
very  first  steps  of  the  growth,  the  scattered  light  first  increases  monotonically,  then 
presents  structures  which,  for  a  0.5  at.%  methane  concentration,  occur  at  about  twice 
the  deposition  time  than  that  for  a  1  at.%  one.  It  can  be  Inferred  that  this  time  delays 
are  related  to  the  diamond  growth  rate  which  is  even  flower  that  the  methane 
concentration  is  lower.  The  same  argument  is  reflected  by  the  dependence  of  the 
relative  refiectivity  with  deposition  time  (figure  4)  :  the  decrease  of  the  reflectivity 
is  even  more  pronounced  than  the  methane  concentration  is  high. 

Although  the  behavior  of  the  scattered  light  with  deposition  time  is  the  same  for 
the  same  methane  concentration  and  the  same  substrate  temperature,  its  overall 
relative  Intensity  increase  varies  strongly  from  one  sample  to  another.  For  example, 
the  scattered  light  development  with  deposition  time  of  two  diamond  deposits  with 
same  experimental  synthesis  conditions,  are  shown  in  figure  5  (a)  and  (b).  The 
relative  scattered  light  had  Increased  by  a  factor  of  about  100  in  case  (a)  while  it  is 
only  about  5  in  case  (b).  Micrographies  of  these  two  samples  show  isolated  diamond 
crystals  of  a  same  size  but  with  a  very  different  nucieation  density  ;  Na  -  2  10^  cm-^, 
and  Nb  -  1.710^  cm-^.  This  result  indicates  that  the  relative  increase  of  the  scattered 
light  is  proportional  to  the  number  of  diamond  crystals  which  are  probed  by  the  laser 
light.  This  is  confirmed  by  curve  (b‘)  which  corresponds  to  the  scattered  signal  (b), 
but  normalized  to  that  of  (a)  by  multiplying  it  by  Na/Nb.  This  non-reproducibility 
from  one  sample  to  another  could  be  attributed  to  different  scratching  of  the  silicon 
substrate  before  to  the  deposition. 


DISCUSSION 

Roughly  speaking  we  can  describe  the  optical  response  of  our  samples  during 
diamond  deposition  as  follow 

At  the  earlier  stage  of  the  diamond  formation,  tiny  crystals  give  rise  to  Rayleigh 
scattering  of  Intensity  proportional  to  the  number  of  nucieation  sites  and  to  the  square 
of  the  volume  of  the  diamond  crystals.  The  Rayleigh  scattering  by  N  isolated  spheres  of 
radius  a  is  proportional  to  N  a^A^,  X  being  the  wavelength  of  the  light.  This  formula 
applies  for  values  of  x  <  1 ,  where  x  «  2naA.,  that  is  to  say  for  radius  of  the  particles 
smaller  than  60  nm  (if  X  -  632.8  nm  (He-Ne  radiation)).  Afterwards,  light  scattering 
Increases  and  Mie  scattering  takes  place. 

The  intensity  of  scattering  by  a  single  sphere,  for  a  45°  scattering  angle  and  for 
the  impinging  and  scattered  light  polarized  with  the  electric  vector  on  the  sagital  plane 
(as  is  the  case  in  the  experiments),  has  been  computed  with  an  exact  formalism  (2). 
Figure  6  shows  the  results  obtained  for  two  values  of  the  index  of  refraction  :  n  »  2.4 
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corresponding  to  bulk  diamond  and  n  -  2  corresponding  to  a  more  diamond-llke  film. 
For  both  cases,  the  extinction  coefficient  k  has  been  set  to  0.005  so  as  to  take  Into 
account  some  absorption.  It  can  be  seen  that  the  Intensity  of  scattering  first  increases 
monotonically  for  small  sphere  radii  (a  <  60  nm  )  and  then  presents  Mie  resonances 
for  a  -  100-300  nm.  These  Mie  resonances  are  even  more  shifted  to  greater  sphere 
radii  than  the  index  of  refraction  Is  lower. 

From  this  model  and  considering  figure  1,  the  extremely  abrupt  increase  of  the 
light  scattering  from  the  beginning  of  the  diamond  growth  at  t  ~  15  mn,  up  to  t  ~  50 
mn,  can  be  inferred  to  Rayleigh  scattering  of  diamond  crystals  whose  size  is  inferior  to 
100  nm.  Afterwards  Mie  resonances  are  observed  (see  part  (b)  in  figure  1).  By  a 
simple  inspection  of  the  curve,  Rayleigh  scattering  and  Mie  resonances  draw  a  very 
easy  and  straight  forward  way  of  estimating  the  mean  dimension  of  the  diamond  crystals 
at  this  stage  of  the  growth  .  It  is  important  to  underline  that  the  sharp  increase  of  the 
scattering  light  at  t  >  15  mn  is  indicative  of  a  narrow  size  distribution  of  our  diamond 
crystals,  otherwise  the  curves  would  be  smoothed  out. 

it  is  clear  that  even  for  relatively  thin  deposits  our  samples  cannot  be  described 
by  a  single  particle  model.  At  this  end  the  sample  must  be  considered  as  a  rough  thin 
film  presenting,  eventually,  interference  effects  as  are  probablv  obsen/ed  for  t  >  300 
mn  in  figure  1  labeled  (c).  The  general  shape  of  the  experimental  curves  and,  in 
particular,  the  noticeable  decrease  of  the  reflectivity  as  a  function  of  the  deposition 
time  can  be  understood  in  the  frame  of  a  scalar  scattering  approximation  correct  for 
roughness  larger  than  the  wavelength.  Within  this  approximation  the  scattering  of  light 
does  not  depend  on  the  correlation  function  and  the  change  of  reflectivity  due  to 
roughness  is  just  given  by  R>Ro  exp-(4S/X.)^,  Rc  being  the  reflectivity  of  the  smooth 
surface  and  S  the  amplitude  of  the  roughness  (3). 

A  realistic  description  of  our  optical  measurements  must  take  into  account  the 
electromagnetic  interaction  of  particles  and  the  contribution  of  the  substrate.  These 
effects  are  at  present  under  investigation. 


CONCLUSION 

These  preliminary  results  indicate  that,  in-situ  measurements  of  the  scattering 
of  light  is  a  well  adapted  technique  to  investigate  the  diamond  nucleation  and  growth 
mechanisms.  The  start  of  diamond  growth  manifests  itself  by  a  steep  increase  in  the 
scattering  of  light  which  is  attributed  to  Rayleigh  scattering  by  tiny  particles  (with 
radii  inferior  to  600  nm  if  X  -  632.6  nm,  but  with  even  more  smaller  radii  for  the 
incident  light  in  the  UV  range).  From  Rayleigh  scattering,  which  is  proportional  to  the 
number  of  tiny  particles  and  to  the  square  of  the  volume  of  a  particle,  the  nucleation 
rate  can  be  determined.  For  diamond  particles  with  radii  of  the  order  of  100-400  nm, 
the  Mie  resonances,  which  occur  for  characteristic  values  of  x  «  2na/X,  allow  to 
evaluate  the  cristal  size  during  the  diamond  growth.  By  correlation  with  the 
reflectivity  measurements,  the  absorption  can  be  estimatedand;  and  thus  the  diamond 
"quality”.  But,  also,  measurements  of  the  scattering  of  light  is  a  suitable  method  of 
substrate  preparation,  before  diamond  growth  takes  place,  because  it  is  very  sensitive 
to  roughness  modifications  of  the  substrate  when  establishing  the  experimental 
synthesis  conditions  (for  example  inciease  of  the  roughness  due  to  SiOa  desorption). 


Currently,  we  are  setting  up  a  more  elaborate  analysis  of  the  data,  which  would 
take  Into  account  the  electromagnetic  Interaction  between  the  diamond  crystals  and  the 
influence  of  the  substrate.  We  are  also  extending  the  measurements  of  light  scattering 
and  reflectivity  as  a  function  of  the  wavelength. 
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Figure  1  :  Development  of  the  elastic  scattered  lioht  intensity  and  reflectivity  with 
total  deposition  time  t  :  (a),  t  -  30  mn;  (b),  t  -  120  mn;  (c),  t  »  450  mn. 


Figure  2  :  SEM  micrographs  of  a  diamond  film  after :  120  mn  :  (a)  and  (b)  ;  450  mn  : 
(c)  total  deposition  time  (same  film  as  in  Figure  l) 
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Figure  3  :  Development  of  elastic  scattered  light  intensity  with  deposition  time  for  two 
diamond  films  prepared  with  same  experimental  conditions  except  the  methane 
proportion  in  hydrogen  :  (a),  1  at.%  and  (b)  and  0.5  at.%  correspond  to  relative 
values;  (b'),  0.5  at.%  with  a  10  times  amplification  of  (b). 


Figure  4  :  Development  of  relative  reflectivity  with  deposition  time  for  two  diamond 
films  prepared  with  same  experimental  conditions  except  the  methane  proportion  in 
hydrogen  :  (a),  1  at.%:  (b),  0.5  at.%  (same  films  as  in  Figure  3). 
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Figure  5  :  Development  of  relative  scattering  of  light  for  two  diamond  films  prepared 
with  same  experimental  conditions  but  the  nucleation  rate  :  (a),  Na  -  2  10^  cm'^  and 
(b),  Nb  ■  1.7  10®  cm-2;  (b')  with  a  Na/Nb  times  amplification  factor  of  (b). 


Figure  6  :  Development  of  scattered  light  intensity  with  radius  a  of  a  sphere  computed 


from  (2).  +  :  n  -  2.4,  k  -  0.005,  •  :  n  -  2,  k  -  0.005. 
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ABSTRACT 

DC  plasmas  provide  a  unique  opportunity  to  study  the  diamond  deposition 
process.  Since  they  are  less  complex  than  other  plasma  techniques  such  as 
microwave,  they  lend  diemselves  well  to  a  variety  of  diagnostic  techniques, 
including  optical  emission  spectroscopy,  Langmuir  probe,  and  mass 
spectrometry.  These  techniques  have  been  applied  to  diamond  producing 
DC  plasmas  to  establish  correlations  between  plasma  processes  and 
resulting  film  characteristics  for  process  control  purposes.  Relationships 
between  plasma  electrical  structure  and  film  properties  will  be  discussed. 


1.0  INTRODUCnON 

Since  the  discovery  in  1976  of  the  importance  of  su^requilibrium  concentrations  of 
atomic  hydrogen  in  enhancing  the  chemical  vapor  deposition  of  diamond-bonded  carbon 
[1],  a  wide  array  of  potential  applications  of  these  films  has  been  proposed.  However, 
relatively  few  of  these  applications  have  been  realized  because  good  quality  films  can  not  be 
reliably  produced.  Although  CVD  growth  of  diamond  is  relatively  straightforward  in  most 
deposition  systems,  it  is  difficult  to  grow  coalesced  films  with  the  appropriate  growth  rate, 
uniformity,  carbon  bonding  state,  and  other  qualities  required  for  diamond  film 
applications.  The  empirical  approach  used  in  many  studies  of  diamond  CVD  has  led  to  an 
understanding  of  the  main  effects  of  many  variables  on  resultant  film  properties.  However, 
in  situ  studies  have  not  yet  been  able  to  describe  the  deposition  process  to  the  point  where 
control  mechanisms  can  be  established.  A  combined  empirical  and  theoretical  approach  is 
needed  to  develop  effective  process  control  in  diamond  CVD  systems. 

The  objective  of  the  present  study  is  to  establish  a  correlation  between  the  electrical  and 
chemical  aspects  of  the  ^position  “nvironment  and  the  film  characteristics.  To  achieve  this 
objective,  both  the  deposition  environment  and  the  resulting  films  were  analyzed. 
Statistical  experiment  design  was  used  to  establish  the  deposition  parameters  for  thirty 
experiments  in  a  low  current  (1  -  2  A)  DC  plasma  diamond  deposition  environment.  These 
plasmas  were  used  for  film  growth  and  were  analyzed  with  in  situ  diagnostic  instruments. 

In  this  paper,  the  relationship  between  the  electrical  characteristics  of  the  plasma  and 
film  properties  is  discussed.  (Correlations  between  the  results  of  plasma  chemical  analysis 
and  diamond  film  propenies  and  the  process  used  to  empirically  establish  a  process 
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window  will  be  published  elsewhere  [2].)  In  particular,  the  spatial  variation  in  potential 
(referred  to  hereafter  as  the  potential  profile  or  electrical  structure)  near  the  anode  was 
found  to  be  a  critical  parameter  in  determining  bonding  state  in  the  growing  film.  This 
result  indicates  that  the  instrument  used  to  measure  potential,  the  Langmuir  probe,  can  be  of 
use  as  an  in  situ  process  control  tool. 


2.0  EXPERIMENTAL  DETAILS 


2. 1  Overall  Approach 

To  correlate  the  electrical  characteristics  of  the  deposition  environment  and  properties  of 
the  resulting  films,  thirty  carbon  films  were  deposited  using  the  same  set  of  parameters 
used  for  in  situ  analysis.  These  experiments  were  developed  using  statistical  experiment 
design,  which  allows  a  parameter  space  to  be  more  quickly  and  thoroughly  investigated 
than  is  possible  with  the  more  commonly  employed  approach  in  which  one  factor  is  varied 
at  a  time  [3]. 

The  experimental  parameters  selected  for  this  study  were  the  system  pressure,  the 
methane  concentration,  the  DC  current,  and  the  electrode  spacing.  The  ranges  of  these 
parameters  were  selected  so  that  diamond,  diamondlike  carbon,  and  graphitic  films  were 
produced  and  were  as  follows: 

pressure.....,: . . . . . . . 18  -  38  ton- 

methane  concentration  . 0.2  -  0.6  %  in  hydrogen 

DC  current . . . 1  -  2  A 

electrode  spacing . . . 1  -  3  cm 


The  flow  rate  and  substrate  temperature  were  held  constant  at  100  seem  and  725  ®C, 
respectively.  The  films  grown  with  these  plasmas  were  characterized  for  bonding  state  by 
Raman  spectroscopy  while  the  growth  rate  was  calculated  from  SEM  cross  section  mea¬ 
surements. 

Prior  to  implementing  the  statistically  designed  experiments,  the  in  situ  diagnostic 
instruments  were  used  to  analyze  pure  hyAogen  plasmas  as  a  function  of  each  of  the  non¬ 
chemical  deposition  parameters,  i.e.,  current,  pressure,  and  electrode  spacing.  From  these 
data,  it  was  possible  to  deconvolve  the  individual  effects  of  these  parameters  on  the  plasma 
characteristics.  When  not  being  varied,  each  parameter  was  held  at  the  midpoint  of  its 
above  range. 

2.2  Deposition  and  Analysis  Reactors 

Separate  reactors  were  used  for  film  growth  and  plasma  analysis  by  in  situ  diagnostic 
instruments.  Analysis  was  performed  in  a  separate  reactor  to  minimize  contamination  of 
the  various  probes  from  extended  exposure  to  deposition  conditions.  The  internal 
components  of  the  two  reactors  were  designed  to  be  as  nearly  identical  as  possible.  The 
major  differences  were  the  chamber  wall  materials-  quartz  for  the  deposition  reactor  and 
aluminum  for  the  analysis  reactor-  and  the  anode  material  which  was  silicon  for  deposition 
and  molybdenum  for  analysis.  No  detectable  effects  of  these  differences  were  observed. 
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2.3  In  Situ  Plasma  Diagnostic  Instrumentation 

Three  instruments  were  used  to  analyze  the  plasma:  a  Hiden  mass  spectrometer;  an 
EG&G  Princeton  Applied  Research  optical  emission  spectrometer;  and  a  Langmuir  probe 
based  on  a  design  developed  by  M.  Surendra  [4].  Only  the  Langmuir  probe  and  optical 
emission  spectrometer  were  used  for  the  work  presented  here.  These  instruments  are 
shown  schematically  in  Figure  1. 

The  optical  emission  spectrometer  was  employed  primarily  as  a  monitor  of  signal 
intensity  for  an  emission  peak  coiresponding  to  excited  molecular  hydrogen  (603  nm)  as  a 
function  of  interelectrode  spacing  (an  indication  of  the  visible  structure  of  the  plasma).  The 
Langmuir  probe  was  used  to  acquire  current-voltage  characteristics  (as  shown 
schematically  in  Figure  1)  as  a  function  of  interelectrode  spacing.  The  characteristics  were 
produced  by  inserting  a  platinum  wire  into  the  plasma,  then  biasing  it  with  respect  to  the 
plasma  such  that  currents  were  induced  in  the  platinum  wire.  The  zero  current  condition  of 
the  characteristics  was  used  as  an  indication  of  plasma  potential. 


3.0  RESULTS  AND  DISCUSSION 
3. 1  Physical  Processes  in  Diamond-Producing  Plasmas 

To  ignite  a  DC  piasma,  one  electrode  (in  this  case  the  anode)  is  held  at  ground  while  the 
other  is  biased  until  partial  ionization  of  the  gas  takes  place.  For  the  diamond-producing 
plasmas  discussed  here,  the  cathode  is  maintained  at  -300  to  -400  V.  The  potential 
difference  is  distributed  through  the  piasma  as  shown  in  Figure  2a:  most  of  the  potential 
change  from  the  driven  cathode  to  the  grounded  anode  occurs  over  a  fairly  short  distance 
near  the  cathode.  Through  most  of  the  plasma,  the  potential  is  relatively  constant  and 
negative.  Near  the  anode,  the  potential  increases  to  ground,  producing  a  significant  electric 
field  in  this  region. 

The  potential  remains  negative  throughout  the  plasma  because  of  the  high  neutral  gas 
density  in  these  plasmas.  At  28  torr  and  725  'C  (typical  for  diamond  deposition),  the 
neutral  gas  density  is  ~  IQi’  cm-3,  about  an  order  of  magnitude  higher  than  that  of  classical 
glow  discharges.  The  increased  density  results  in  increased  frequency  of  electron-neutral 
collisions  which  in  turn  result  in  decreased  electron  mobility  and  diffusivity: 

The  equation  governing  total  electron  flux  has  two  components,  one  for  electrically 
driven  drift  and  one  for  electron  diffusion: 

Je  =-HeNeE-De^« 

where  Je  is  the  total  electron  flux,  pe  is  the  electron  mobility,  Ne  is  the  electron  density,  E 
is  the  electric  field,  and  De  is  the  electron  diffusivity.  Since  the  electron  diffusivity  is  very 
low  in  these  plasmas,  an  electric  field  must  develop  to  supply  the  electron  flux  needed  to 
maintain  the  plasma.  It  is  the  need  for  such  a  field  that  leads  to  the  potential  gradients 
present  in  the  bulk  of  the  plasma  and  at  the  anode  shown  in  Figure  2a. 
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The  potential  gradients  determine  the  visible  structure  of  the  plasma.  As  the  electrons 
are  accelerated  by  the  strong  fields  near  each  electrode,  they  acquire  sufficient  energy  to 
participate  in  inelastic  electron-neutral  reactions  such  as  excitation,  dissociation,  and 
ionization.  As  the  excited  species  relax,  they  may  emit  visible  light  as  illustrated  by  Figure 
2b,  which  can  be  detected  by  optical  emission  sp^troscopy.  M^elling  [S]  has  shown  that 
dissociation  occurs  in  the  same  regions  as  excitation  and  that  dissociation  dominates  near 
the  anode  and  ionization  near  the  cathode  [2]..  Dissociation  leads  to  the  production  of 
atomic  hydrogen  and  other  radicals  near  the  growth  surface.  Ionization,  coupled  with  the 
large  electric  field  near  the  cathode  results  in  energetic  ion  bombardment  of  the  cathode, 
inhibiting  the  growth  of  diamond.  The  presence  of  an  anode  glow  and  the  electric  field 
which  causes  it  have  been  found  to  be  a  necessary  but  insufficient  requirement  for  diamond 
growth,  as  discussed  below. 

3.2  Hydrogen  Plasmas 

The  individual  effects  of  current,  pressure,  and  electrode  spacing  on  the  electrical  and 
visible  structure  of  pure  hydrogen  plasmas  were  studied.  Current  was  found  to  have  little 
effect  on  potential  profile  since  current  does  not  affect  electron  diffusivity.  The  visible 
structure  was  affected  because  increased  current  results  in  increased  inelastic  processes, 
including  excitation. 

Pressure  was  found  to  have  a  strong  influence  on  electrical  structure  because  electron 
diffusivity  is  affected  through  neutral  gas  density  (see  Figure  3).  As  the  pressure  was 
increased,  the  gradient  in  potential  in  the  bulk  of  the  plasma  increased.  This  led  to  an 
increase  in  the  magnitude  of  the  potential  change  at  the  anode  (dashed  line  in  Figure  4 
indicates  extrapolated  variation  in  potential).  The  magnitude  of  the  potential  change 
adjacent  to  the  anode  (hereafter  refen^  to  as  the  anode  field)  proved  to  be  a  good  predictor 
of  film  bonding  state  as  is  discussed  more  fully  in  §3.4.  Variations  in  visible  structure 
were  difficult  to  evaluate  as  a  function  of  pressure  because  of  effects  such  as  self¬ 
absorption  of  emitted  light  which  are  also  affected  by  pressure. 

Electrode  spacing  does  not  affect  election  diffusivity  but  it  does  affect  the  total  number 
of  collisions  each  election  encounters  while  moving  from  cathode  to  anode.  As  the  spacing 
increases,  the  number  of  collisions  also  increase  and  the  resistivity  must  also  increase.  For 
this  reason,  the  potential  gradient  in  the  bulk  of  the  plasma  was  strongly  dependent  on 
electrode  spacing  (Figure  4).  Extrapolation  of  this  gradient  to  the  anode  (dashed  lines  near 
anode  in  Figure  4),  however,  indicates  that  the  magnitude  of  the  anode  field  is  not  strongly 
affected  by  the  spacing.  This  observation  is  supported  by  results  published  elsewhere  [2], 
namely,  that  there  is  relatively  little  co.Telation  between  spacing  and  carbon  bonding  state. 
Because  electrode  spacing  has  no  influence  on  electron  diffusivity  or  density,  it  also  had 
little  effect  on  the  visible  structure  of  the  plasma  for  a  moderate  to  high  pressure. 

In  summary,  pressure,  which  directly  affects  electron  diffusivity,  had  a  strong  effect  on 
both  the  magnitude  of  the  anode  field  and  on  the  potential  gradient  in  the  bulk  of  the 
plasma.  Electrode  spacing,  which  affects  plasma  resistivity,  had  a  large  effect  on  the 
potential  gradient  in  the  bulk  of  the  plasma  but  only  a  small  one  on  the  anode  field. 
Current,  which  affects  only  electron  density  but  not  diffusivity  or  resistivity,  had  no 
detectable  effect  on  anode  field  or  potential  gradient  in  the  plasma. 


293 


3 . 3  Diamond-Producing  vs.  Graphitc-ftoducing  Plasmas 

From  the  thirty  films  grown  from  the  parameters  established  by  experimental  design, 
the  plasmas  which  produced  the  most  highly  diamond  bonded  and  least  diamond  bonded 
most  highly  sp2  bonded)  were  analyzed  in  terms  of  their  visible  and  electrical 
structures.  The  two  plasmas  had  the  same  current  (2  A)  but  different  methane 
concentrations,  pressures  iuid  electrode  separations.  The  graphite-producing  plasma  had  a 
low  neutral  gas  density  and  resistivity  (18  torr  and  1  cm  spacing)  and  high  methene 
concentraden  (0.6%)  while  the  diamond-producing  plasma  had  a  high  neutral  gas  density 
and  high  resistivity  (38  torr  and  3  cm  spacing)  and  low  methane  concentration  (0.2%). 
Methane  concentration,  like  current,  has  little  effect  on  electrical  structure  and  will  be 
neglected  in  this  discussion. 

The  optical  emission  profiles  for  the  two  plasmas  are  shown  in  Figure  5a.  The  cathode 
sheaths  of  the  two  "'asmas  are  similar.  The  anode  profiles  are  quite  different  in  the  two 
cases.  The  dianiond-producing  plasma  exhibits  an  anode  glow  while  the  graphite- 
producing  plasma  ha.«  none;  instead,  the  emitted  light  intensity  in  this  region  is  due  simply 
to  the  tail  of  the  cathode  sheath. 

The  observed  lack  of  an  anode  glow  in  the  graphite-producing  case  implies  that 
electrons  are  not  being  accelerated  to  sufficient  energies  to  participate  in  inelastic  electron- 
neutral  collisions  which  in  turn  suggests  that  there  is  no  significant  anode  field  to  accelerate 
the  electron.s.  This  prediction  is  consistent  with  the  potential  profiles  shown  in  Figure  5b. 
The  graphite-producing  plasma  has  a  flat  potential  gradient  through  the  bulk  of  the  plasma 
and  a  magnitude  of  approximately  0  V,  so  there  is  no  anode  field.  The  diamond-producing 
plasma  has  a  strong  ^adient  through  the  plasma  and  a  potential  change  of  more  than  30  V 
near  the  anode.  These  results  suggest  that  the  presence  of  an  anode  field  and  the  resulting 
anode  glow  are  necessary  for  the  production  of  diamond  films. 

3.4  /n  Situ  Control  of  Diamond  Film  Growth  by  DC  Plasma  Enhanced  CVD 

The  floating  potential  results  displayed  in  Figure  5b  indicates  that  either  the  magnitude 
of  the  potential  change  near  the  anode  or  the  gradient  of  the  potential  through  the  bulk  of  the 
plasma  may  correlate  with  carbon  bonding  state.  To  verify  this  trend,  the  potential  profiles 
for  all  thirty  of  the  plasmas  were  categorized  by  the  type  of  film  each  plasma  produced- 
diamond,  diamondlike  carbon,  or  graphite-  so  that  variations  in  potential  profile  could  be 
observed.  General  trends  were  apparent  from  this  analysis,  but  electrode  spacing  had  a 
strong  effect  on  potential  gradient  in  the  bulk  of  the  plasma  which  interfered  with 
interpretation  of  the  anode  field,  therefore  the  plasmas  were  subdivided  again  according  to 
nsuTOw  (1-1.5  cm)  and  wide  (2  •  3  cm)  electrode  spacings.  These  profiles  are  shown  in 
Figures  6a  and  b  for  graphite-  and  diamond-producing  plasmas. 

The  increase  in  magnitude  of  the  anode  field  with  increased  diamond  bonding  is 
particularly  apparent  for  the  narrow  spacing  cases.  The  wider  spacings  show  some 
departures  from  this  trend,  but  these  can  be  attributed  to  plasma  instabilities.  Such 
instabilities  are  more  apparent  at  wide  spacings  because  it  is  more  difficult  to  accommodate 
the  destabilizing  effects  of  low  currents  and  high  pressures.  Nonetheless,  the  general  trend 
is  apparent  in  both  cases.  These  results  indicate  that  a  Langmuir  probe  located  near  the 
anode  of  a  DC  plasma  could  be  used  as  an  in  situ  indicator  of  film  bonding  state  and 
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therefore  provide  a  useful  sensor  to  improve  the  reproducibility  of  DC  diamond  deposition 
processes. 


4.0  SUMMARY  AND  CONCLUSIONS 

S^adally  resolved  Langmuir  probe  and  optical  emission  measurements  of  diamond-  and 
graptute-producing  plasmas  combined  with  nlm  characterization  have  yielded  a  correlation 
between  plasma  structure  and  film  bonding  state.  This  relationship  arises  from  the  high 
neutral  gas  density  of  the  plasmas  used  to  grow  diamond.  The  high  neutral  gas  density 
reduces  the  electron  diffusivity  so  that  electric  fields  must  develop  in  the  plasma  to  drive  the 
electrons  out  of  the  plasma  to  maintain  the  plasma  current.  The  electric  field  at  the  anode 
accelerates  the  electrons  to  sufficient  energies  to  produce  dissociation,  excitation,  and,  to  a 
lesser  extent,  ionization  by  inelastic  electron-neutral  collisions.  Electron  impact  dissocia¬ 
tion  yields  atomic  hydrogen  and  methyl  radicals,  both  of  which  are  believed  to  be  important 
species  for  diamond  growth  [2,6].  Tliese  observations  could  be  exploited  for  a  control 
system  for  DC  plasma  diamond  deposition;  the  potential  near  the  anode  can  be  monitored 
with  a  Langmuir  probe  and  optimiz^  by  controlling  the  deposition  pressure. 
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Figure  1:  Schematic  diagram  of  two  plasma  diagnostic  instruments.  Left: 
Langmuir  probe  with  typic^  probe  characteristic.  Right;  Optical 
emission  spectrometer  with  typical  wavelength  spectrum. 
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Figure  2: 

(a)  Electrical  and  (b)  visible  structrue 
of  plasma.  Note  correlation  between 
large  potential  gradients  and  emitted 
light  intensity. 
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Figure  3;  Dependence  of  floating  po-  Figure  4:  Dependence  of  floating  po¬ 
tential  profile  on  deposition  tential  profile  on  elective 

pressure.  spacing. 
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Figure  5:,  (a)  Optical  emission  and  (b)  potential  profiles  for  diamond- 
and  paphite-producing  plasmas.  Closed  circles:  diamond; 
open  circles:  Ophite. 
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Figure  6:  Potential  profiles  for  (a)  narrow  and  (b)  wide  electrode  spacings. 
Top  plots  are  from  plasmas  which  produced  graphite  films  while 
bottom  plots  are  from  plasmas  which  produced  diamond  films. 
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ABSTRACT 

The  interrelationships  between  synthesis,  processs,  the  structure  and 
selected  applications  of  low  pressure  synthesized  dianoond  are  discussed. 
Optical  and  electronic  applications  are  explored  and  the  r^uired  structural 
characteristics  and  processes  that  determine  these  characteristics  explored. 


Introduction 

The  potentially  vast  range  of  applications  for  diamond  crystals,  films  and  thick 
diamond  structures,  synthesized  by  low  pressure  activated  techniques,  derive  from  the 
unsurpassed  physical  properties  of  this  material.  These  properties  are  by  now  very 
familiar  to  practitioners  in  the  field  and,  briefly,  include  the  exceptional  thermal 
conductivity  (20  w/cm-K  for  isotopically  mixed  diamond  structures  and  a  demonstrated 
30  w/cm-K  for  isotopically  enriched  diamond),  the  low  coefficient  of  friction  and  the 
high  wear  resistance,  the  superior  transmission  to  radiation  over  a  veiy  broad  spectrum  of 
wavelengths,  the  high  band  gap  attended  by  high  resistivities  and  high  breakdown  electric 
field  strengths,  and  a  low  work  function. 

The  transition  of  a  new  technology  from  the  research  laborato^  into 
manufactured  products  is  a  function  of  a  number  variables,  not  all  of  which  are 
technology  driven.  Since  the  initial  discovery  of  the  low  pressure  diamond  synthesis 
process  significant  progress  has  been  made  in  developing  an  understanding  of  the 
process  /property  relationships.  Applications  of  diamond  films  in  various  forms  are 
beginning  to  emerge.  The  situation  is  such  that  sufficient  knowledge  has  been  developed 
regarding  process  flexibility,  materials  properties  and  fabrication  approaches  that 
preliminary  product  applications  are  becoming  a  reality.  However  for  deiiving  the  full 
benefit  of  diamond  in  the  very  large  number  of  {mtentiu  applications  significant  further 
work  remains.  The  fundamental  requirement  is  a  knowledge  of  structure/property/ 
process  relationships  for  the  various  approaches  utilized  to  synthesize  diamond  at  low 
pressures.  A  significant  body  of  information  has  been  developed  relating  the  process 
variables  in  diamond  synthesis  to  the  micro  structure  of  the  resulting  material.  The 
relation  of  these  variables  to  physical  properties  of  importance  have,  however,  not  yet 
received  the  attention  they  deserve.  The  relationships  between 
stiuctuie/process/propetties  and  the  operational  characteristics  of  diamond  based  products 
is  at  an  even  more  primitive  stage  of  understanding.  Consequently  a  fundamental 
requirement  is  the  coupling  of  the  various  stages  of  process  knowledge  with  structure, 
properties  and  product  performance. 
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In  this  paper  the  relationship  of  applicadms  of  low  pressure  synthesized  diamond 
to  structure/properties  and  the  synthesis  process  is  discussed.  By  defining  the 
requirements  of  the  applications  the  microstructural  characteristics  of  the  diamond  can  be 
defined  which,  in  turn,  will  determine  the  process  variables  that  have  to  be  developed, 
understood  and  controlled.  These  interrelationships  can  be  depicted  as  in  figure  1.  The 
current  understanding  of  the  key  requirements  of  structural  properties  are  related  to 
selected  applications  of  diamond  in  qptics  and  electronics. 

For  the  purposes  of  this  discussion  structure  is  defined  broadly  to  include  phase 
purity;  microstructure  involving  grain  size,  morphology  and  orientation;  geometrical 
factors  including  surface  smoothness,  thickness  unifemmity,  selectivity  of  growth  on 
substrates  of  interest;  and  defect  structure  and  impurities.  Qearly  the  relative  importance 
of  these  various  factors  would  be  a  function  of  the  particular  application.  The  process 
requirements/  capabilities  depicted  in  Figure  1  are  related  closely  to  the  structural 
requirements. 

Phase  purity 

The  most  extensively  investigated  processes  in  low  pressure  diamond  synthesis 
deals  with  phase  purity.  The  ability  to  synthesize  diamond  at  low  pressures  is  based  on 
the  use  of  kine;'  ’Uly  chiven  processes  whereby  a  supersaturation  of  hydrogen  is  utilized 
to  stabilize  the  diamond  phase  as  well  as  to  selectively  remove  any  graphite  formed. 
Among  the  process  variables  that  have  been  shown  to  affect  phase  purity  the  most 
important  is  the  ratio  of  hydrocarbons  ( such  as  methane)  to  the  hydrogen.  It  has  been 
well  established  that  increasing  this  ratio  leads  to  increasing  concentrations  of  non¬ 
diamond  bonded  phases  in  the  films  and  the  maintenance  of  high  purity,  in  terms  of 
minimisation  of  non-diamond  contamination,  requires  a  low  methane  to  hydrogen 
concentration  in  the  typical  CVD  of  diamond.  Rgim  2  shows  the  relationship  between 
the  ratio  of  the  diamond  to  non-diamond  bonded  phases  as  a  function  of  methane 
concentration  in  hydrogen  (1).  This  ratio  drops  rapidly  as  the  methane  concentration  is 
increased.  Although  this  behaviour  is  generally  observed  with  all  the  low  pressure 
synthesis  techniques,  the  specific  details  of  the  concentrations  of  hydrocarbons  at  which 
unacceptable  amounts  of  non-diamond  phases  get  included  in  the  growing  material  are 
technique  and  process  specific. 

As  reported  elsewhere  in  these  proceedings  (2)  it  is  found  that  the  relationship 
be  tween  the  concentration  of  hydrocarbons  in  the  process  gas  mix  and  the  phase  purity  of 
the  resulting  diamond  is  also  a  strong  function  of  the  surface  characteristics  of  the 
diamond  during  synthesis.  Diamond  films  and  crystals  have  been  synthesized  at  methane 
concentrations  as  high  as  13%  by  periodically  activating  the  diamond  surface  by  oxygen. 
The  ability  to  alter  the  phase  purity  of  the  diamond  during  growth  is  a  technique  that  is 
available  to  manipulate  the  microstructure  of  the  diamond  film.  This  is  discussra  further 
in  a  later  sectioa 

Phase  purity  effects  are  very  important  in  determining  the  p'.operties  of  diamond 
and  the  oppominities  for  incorporating  non-diamond  bond^  phases  in  diamond  films 
and  thick  diamond  structures  exist  wltich  do  not  only  depend  upon  the  mix  of  process 
gases  in  the  reaction  chambers  or  the  diamond  synthesis  ambient  Local  effects  at  the 
surface  of  the  diamond  play  a  strong  role  in  local  material  incorporation  phenomena  and 
thus  on  the  properties  of  Ae  diamond.  Alth  wgh  further  research  is  required  to  better 
understand  the  relationships  between  process  variables  and  the  phase  purity  of  diamond 
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films,  for  the  purposes  of  this  paper  it  will  be  assumed  that  diamond  films  of  the  requited 
purity  can  be  synthesised  by  the  use  of  supersaturations  of  hydrogen  in  the  process  gas 
mix  and  that  the  concentrations  of  non-diamond  phases  can  be  maintained  at  a  negligibly 
low  level  so  as  not  to  affect  the  physical  properties  of  diamond.  Selected  applications  of 
low  pressure  synthesized  diamond  will  now  be  discussed  and  the  interrelationships 
between  the  required  properties,  the  stntcture  and  the  process  explored. 


Optical  applications  of  diamond 

Diamond  is  transparent  over  a  very  wide  rang  of  the  electromagnetic  spectrum. 
This  property  leads  to  a  large  range  of  potential  applications  in  the  form  of  windows  for 
radiation  ranging  from  X-rays  to  the  far  infrared.  Among  the  first  commercial 
applications  of  low  pressure  synthesured  diamond  are  X-ray  windows  for  utility  in 
analytical  instrumentation.  The  combination  of  the  low  atomic  number  and  the  superior 
mechanical  properties  of  diamond  enables  the  fabrication  of  very  thin  diamond  windows 
to  replace  Mryllium  windows  in  energy  dispersive  X-ray  analysis  instruments.  The 
attractions  of  (Uamond  windows  lie  in  the  superior  transmission  to  X-rays  that  thin  ( <  1 
pm)  diamond  windows  afford.  In  Figure  3  the  X-ray  transmission  characteristics  of 
conventional  beryllium  and  thin  diamond  ( carbon )  windows  are  compared  in  a  plot  of 
the  percent  transmission  of  characteristic  X-rays  for  various  light  elements  (3).  0.5  and  1 
pm  thick  diamond  windows  are  more  transmissive  than  the  typical  8  and  12.5  pm 
beryllium  windows.  The  detection  of  light  elements  with  atomic  numbers  below  that  of 
sodium  is  not  possible  with  the  beryllium  windows  whereas  diamond  windows  permit 
the  detection  of  elements  of  atomic  number  down  to  boron.  Beryllium  windows  below  ~ 
8  pm  are  not  easy  to  fabricate  without  pinholes  and  other  flaws.  Since  these  windows 
have  to  withstand  pressure  differentials  up  to  2  atmospheres  and  have  to  be  helium  leak 
tight,  thin  beryllium  windows  are  not  practical  for  this  application.  Thin  ^amond 
windows,  however  can  be  fabricated  without  pinholes  and  other  flaws  and  have  the 
requisite  mechanical  properties  to  withstand  pressure  differentials  encountered  in  the 
typical  operation  of  X-ray  analysis  instruments. 

The  structural  requirements  for  the  fabrication  of  windows  of  this  type  as  well  as 
allied  products  such  as  X-ray  lithography  mask  membranes  can  be  ennumeratued  as 
follows; 

•  Since  windows  and  membranes  for  X-ray  applications  have  to  be  very  thin, 
ranging  from  <  0.5  pin  to  >  2  pm  a  primary  requirement  is  that  the  grain  size  of  the  tilms 
be  smidler  than  the  thickness. 

•Since  such  windows  have  to  be  mechanically  robust,  being  able  to  withstand 
pressure  differentials  greater  than  one  atmosphere  as  well  as  handling  requirements 
associated  with  further  processing  such  as  absorber  deposition  and  patterning  in  the  case 
of  X-ray  lithography  mask  membranes,  the  windows  have  to  be  defect  and  flaw  free. 
Defects  such  as  pinholes,  incompletely  consolidated  triple  points  between  grains,  etc. 
cannot  be  tolerat^  This  is  particularly  true  for  the  case  of  X-  ray  windows  for  anal^cal 
instrumentation  since  such  windows  have  to  be  vacuum  leak  tight. 

*  The  stress  state  of  diamond  membranes  is  important  for  X-ray  lithography 
applications.  Utilizing  microwave  enhanced  chemical  vapour  deposition  techniques  thin 
( ~  2  pm)  diamond  films  have  been  fabricated  which  have  been  measured  to  display  a 
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tensile  stress  of  the  order  of  S  X  10^  dyn/cm^  (4),  a  tensile  stress  value  that  is  entirely 
acceptable  for  the  intended  application.  The  finding  that  diamond  films  with  a  built  in 
tensile  stress  component  that  more  than  compensates  for  the  differences  in  the  coefficient 
of  thermal  expansion  between  diamond  and  silicon  substrates  on  which  the  diamond 
films  are  deposited  is  an  important  finding  that  enables  the  development  of  taught 
membranes,  in  a  state  of  tension  for  lithography  mask  fabrication.  Although  the  specific 
reasons  of  this  behaviour  of  diamond  membranes  have  not  been  discussed  in  the  open 
literature  it  is  clear  that  the  stress  state  of  polycrystalline  diamond  films  is  a  function  of  a 
number  of  deposition  variables  including  the  synthesis  temperature,  the  deposition  rate 
and  the  resulting  microstructure  of  the  films. 

The  fundamental  process  requirement  for  the  fabrication  of  diamond  windows  for 
X-ray  applications  is  the  need  to  synthesize  films  with  a  small  grain  size  and  uniform 
distribution  of  grain  size  over  the  area  of  the  window.  To  achieve  a  small  grain  size  the 
nucleation  density  has  to  be  enhanced  such  that  a  high  density  of  crystallites  are  nucleated 
and  these  crystallites  ag^gate  to  form  a  film  of  the  desired  thickness,  without  any  pin 
holes  or  other  discontinuities.  For  thin  windows  this  requires  considerable  enhancement 
of  nucleation  density.  The  most  commonly  used  approach  to  promote  nucleation  of 
diamond  on  foreign  substrates  is  to  abrade  the  surface  with  a  suitable  abrasive  to  generate 
surface  mechanic^  damage  which  promotes  diamond  nucleation.  An  alternative  approach 
involves  the  deposition  of  thin  diamond  like  carbon  films  by  the  use  of  a  higher 
concentration  of  hydrocarbons  in  the  process  gas  mix  than  that  required  to  synthesized 
diamond.  This  technique  has  been  reponed  for  the  case  of  nucleation  enhancement  of 
diamond  utilizing  DC  glow  discharge  CVD,  RF  excited  CVD  and  combustion  flame 
synthesis  (5-7). 


Passive  electronic  applications  of  diamond 

Passive  electronic  applications  entail  the  use  of  diamond  in  conjunction  with 
active  elect*  rnic  materials  such  as  silicon  and  gallium  arsenide.  The  properties  of 
diamond  that  tiake  it  particularly  attractive  in  passive  electronics  include  its  exceptional 
thermal  conductivity,  the  very  high  electrical  resistivity,  the  low  dielectric  constant  and 
chemical  non-reactivity.  These  characteristics  find  use  in  electronic  packaging,  as 
dielectrics  in  conjunction  with  other  semiconductors  such  as  silicon  and  for  protecting 
electronic  circuits  from  environmental  effects.  The  near  term  application  of  low  pressure 
synthesized  diamond  in  passive  electronics  is  likely  to  occur  in  electronic  packa^ng  and, 
specifically,  in  its  use  as  a  heat  sink  for  thermal  management  in  electronics.The  attraction 
of  diamond  as  a  substrate  for  electronic  devices  and  circuits  can  be  demonstrated  by 
comparing  the  thermal  conductivity  and  the  dielectric  constant  of  a  number  of  candidate 
paciraging  materials  with  those  of  diamond.  This  is  shown  in  Figure  4. 

Diamond  exhibits  the  highest  thermal  conductivity  and  the  lowest  dielectric 
constant  of  all  electronic  ceramics  with  only  Si02  and  the  polymeric  materials  exhibiting 
lower  dielectric  constants.  This  combination  of  properties  has  important  implications  in 
the  use  of  diamond  as  a  substrate  for  high  speed  and  microwave  devices. 

For  the  development  of  diamond  substrates  that  effectively  utilize  all  the  desirable 
attributes  of  this  material  thick  diamond  structures  are  required.  Thin  films  of  diamond 
deposited  on  other  substrates  such  as  silicon  or  metals  may  serve  the  purpose  of 
spreading  locally  generated  heat  but  lack  of  sufficient  material  in  the  thickness  direction 
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effectively  limits  the  use  of  thin  films.  For  applications  such  as  the  development  of 
diamond  based  multi-chip  modules  it  is  necessary  that  free  standing  diamond  substrates 
of  thicknesses  of  O.S  to  2  mm  be  synthesized.  In  order  to  achieve  this,  high  growth  rate 
techniques  have  to  be  developed  and  scaled.  The  economics  of  manufacturing  thick 
diamond  structures  are  very  closely  related  to  the  growth  rate.  In  figure  5  the  time 
required  to  produce  diamond  structures  1  mm  and  2  mm  thicknesses,  respectively,  is 
plotted  as  a  frmction  of  growA  rate.  The  demarcation  in  the  growth  rate  between  the  low 
growth  rate  CVD  techniques  and  the  high  growth  rate  therm^  techniques  is  indicated  at  ~ 
10  ^m/hour.  For  achieving  practical  production  times,  and  hence  economics  of 
manufacture,  growth  rates  in  excess  of  30  ^m^our  and,  preferable,  in  excess  of  SO 
^m^our  have  to  be  achieved  over  large  areas.  For  addressing  this  application  the  high 
rate  thermal  techniques  have  to  be  used. 

In  the  growth  of  tiiick  diamond  structures  a  particularly  important  issue  is  that  of 
morphological  instabilities  attending  the  high  rate  synthesis  of  diamond  In  the  growth  of 
diamond  one  of  the  sought  after  objectives  is  that  tlie  interface  between  the  gas  phase  and 
the  solid  be  planar  and  advance  smoothly  in  a  direction  normal  to  itself  as  growth 
proceeds.  However,  in  real  crystal  growth  processes,  and  particularly  at  high  growth 
rates,  such  quiescent  interfaces  are  the  exception  rather  than  the  rule.  Typic^ly,  small, 
random  fluctuations  at  the  interface  can  grow  with  time  leading  to  morphological 
instabilities  (8,9).  This  can  lead  to  extremely  rough  surfaces,  the  trapping  of  voids  and 
discontinuities  and  the  incorporation  of  impurities  and  second  phases  in  the  growing 
material . 

The  modeling  of  interface  instabilities  has  been  treated  in  the  literature.  For  CVD 
processes  the  early  work  of  van  den  Brekel  and  Jansen  (10)  examined  the  stability  of 
planar  gas-solid  interfaces  utilizing  first  mder  perturbation  calculus.  Tliey  showed  that 
vapour  growth  is  essentially  an  unstable  process  whereas  vapour  etching  in  an  essentially 
stable  process. 

Recently  Palmer  and  Gordon  (11)  have  combined  the  ideas  of  van  den  Bedcel  and 
Jansen  (10)  and  Mullins  (12)  to  develop  a  continum  description  of  the  CVD  process.  In 
essence  this  model  invokes  three  processes  at  work  in  the  growth  of  films.  The 
appropriate  chemical  specie  for  the  synthesis  of  the  solid  is  created  in  the  gas  phase  and 
diffuses  to  the  interface  by  gas  phase  diffusion.  Once  the  specie  arrives  at  the  interface  it 
is  either,  (a)  incorporated  into  the  surface,  (b)  it  can  move  over  the  surface  by  surface 
diffusion  or,  (c)  it  can  be  re-evaporated  into  the  gas  phase.These  processes  are  described 
by  a  system  ttf  partial  differential  equations  with  the  final  result  that  Palmer  and  Gordon 
arrive  at  being  ^  following; 
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where  O)  is  the  stability  parameter,  Q  is  the  atomic  volume  in  the  bulk,  v  is  the 
concentration  of  surface  particles,  yis  the  surface  tension,  Ds  is  the  surface  diffusion 
coefficient  Do  is  the  gas  phase  diffusion  coefficient,  c^’eq  is  the  equilibrium  concentration 
of  the  active  specie  in  contact  with  a  flat  interface,  s  is  the  sticlang  parameter,  L  is  the 
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thickness  of  the  boundary  layer  above  the  surface,  k  is  the  mean  curvature  of  the 
interface,  no  is  a  constant  and  T  and  kb  are  the  absolute  temperature  and  the  Boltzmann's 
constant 

The  first  term  in  the  equation  is  related  to  surface  (Musion  which  is  a  result  of 
chemical  potential  gradients,  the  second  term  is  due  to  desorption  or  re-evaporation  of 
surface  panicles  and  the  third  term  represents  the  net  flux  of  panicles  to  the  surface  and  is 
govern^  by  the  gas  phase  diffusion  coefficient  The  tint  two  terms  in  the  equation  work 
in  such  a  manner  as  to  stabilize  and  smooth  out  the  interface,  whereas  the  third  term  is 
destabilizing  and  causes  morphological  instabilities. 

For  the  case  of  diamond  synthesis  one  can  show  that  the  tint  two  terms  in  the 
stability  equation  are  reduced  to  zero  (13).  Tlie  tint  term,  the  surface  diffusion  term,  is 
largely  a  function  of  Dg,  the  surface  dirfusion  coefficient.  Dg  is  expected  to  be  negligible 
for  diamond.  The  second  term  in  the  stability  equation  is  the  re-evq)oration  or  desorption 
term  and  this  is  also  expected  to  be  negligible  since  in  the  diamtmd  synthesis  ambients  the 
diamond  phase  of  carbon  is  very  stable  and  gassitication  of  the  diamond,  once  it  has  been 
formed,  will  occur  very  slowly,  if  at  all. 

From  the  above  it  is  clear  that  high  rate  deposition  of  diamond  is  accompanied  by 
surface  instabilities  and  these  instabilities  are  magnified  with  time  of  growth.  With 
sustained  growth  certain  regions  of  the  film  grow  at  a  higher  rate  than  neighbouring 
regions.  A  finger  like  morphology  develops  with  the  taller  regions  shadowing  the  shorter 
regions  as  well  as  getting  closer  to  the  source  of  nutrients.  Such  instability  effects  have 
been  termed  competitive  shadowing  and  nutrient  starvation  processes.  These  mechanisms 
are  a  dramatic  feature  of  high  rate  ttiamond  synthesis  as  demonstrated  below. 

Figure  6  is  an  example  of  this  effect  in  thick  diamond  structures  grown  at  high 
growth  rates.  Morphological  instabilities  manifest  themselves  in  the  form  of  columnar 
growth  of  indvidual  crystals,  the  development  of  voids  and  very  rough  surfaces.  The 
larger  crystallites  screen  the  smaller  crystallites  from  the  source  of  nutrients,  further 
accelerating  the  instabilities.  It  has  also  been  shown  that  non-diamond  phases,  such  as 
DLC,  can  Ire  trapped  in  an  uncontrolled  manner  in  the  material  as  a  result  of  the  instability 
phenomena  (13). 

To  avoid  such  instabilities  processes  that  permit  periodic  interruption  and 
renucleation  of  the  diamond  have  to  be  developed.  One  such  technique  is  to  periodic 
deposit  very  thin  layen  of  diamond  like  carbon  on  the  growing  diamond  surface  followed 
by  recommencing  diamond  growth.  Such  an  approach  has  been  reported  and  figure  7  is 
an  example  of  the  cross  sectional  structure  of  a  composite  structure  achieved  by  the 
alternate  deposition  of  diamond  and  DLC  (14).  This  is  achieved  by  cycling  the  pr^ss 
gases  between  diamond  synthesis  conditions  ( a  high  ratio  of  oxygen  to  acetylene  in  the 
combustion  flame  synthesis  process )  and  DCL  synthesis  conditions  ( a  reduced  ratio  of 
oxygen  to  acetylene).  By  appn^iiately  controlling  the  relative  deposition  time  of  diamond 
and  DLC  it  is  feasible  to  achieve  dense  structures  without  m^hological  instabilities 
while  minimizing  the  DLC  content  of  the  completed  structure. 

Active  electronic  applications  of  diamond 

Active  electronic  applications  of  diamond  include  the  fabrication  of  devices 
whereby  carrier  transport  occurs  in  the  diamond  and  mechanisms  of  rectification. 
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switching,  transistor  action  and  current  gain  are  promoted.  The  wide  band  gap,  high 
thermal  conductivity  and  the  high  carrier  mobilities  are  the  driving  force  for  the 
exploitation  of  diamond  in  active  electronic  applications.  A  fundamental  technology  that 
has  to  be  developed  is  the  growth  of  diamond  single  crystals  on  non-  diamond,  larger 
area,  low  cost  substrates.  Although  homoepitaxy  of  diamond  is  feasible  this  process  does 
not  meet  the  requirements  enumerated  above  and  as  such  is  not  economically  viable. 
Heteroepitaxy  continues  to  be  an  elusive  goal.  Consequently,  techniques  such  as  grapho- 
epitaxy  and  syntaxy  have  to  be  developed  to  achieve  single  crystal  growth. 

It  has  been  demonstrated  that  diamond  single  crystals  can  be  grown  on  non¬ 
diamond  surfaces  by  promoting  lateral  growth  of  { 100}  oriented  faces  of  diamond  (IS). 
It  has  been  proposed  that  lateral  growth  occurs  as  a  result  of  the  creation  of  atomic  sized 
ledges  on  the  diamond  surface  by  active  specie  such  as  oxygen  or  OH  radicals,  which  are 
ing^ents  of  combustion  flames  that  can  be  utilized  to  symthesize  diamond,  followed  by 
the  sideways  propagation  of  the  ledges.  This  approach  dispenses  with  the  need  to  have 
lattice  matched  substrates  and  diamond  growth  is  promoted  on  diamond  nucleated  on  a 
foreign,  non-lattice  matched  substrate.  Figure  8  is  an  example  of  a  diamond  single  crystal 
~  SO  )im  X  50  |xm  in  dimension  synthesized  by  the  combustion  flame  synthesis 
technique.  Growth  ledges  are  observed  on  the  surface  of  the  crystal.  The  electron 
channeling  pattern  shows  that  the  crystal  exhibits  a  { 1(X)}  orientation  and  the  Auger 
spectra  shows  that  the  crystal  is  of  high  quality  as  compared  with  a  natural  diamond 
single  crystal. 

For  the  practical  utilization  of  such  single  crystals  it  is  necessary  that  the  spatial 
location  of  such  crystals  be  controlled  on  a  convenient,  low  cost  substrate  such  as  silicon. 
For  this  purpose  selective  nucleation  techniques  can  applied.  Selective  nucleation  of 
dipiond  has  been  demonstrated  and  it  should  be  feasible  to  combine  selective  nucleation 
with  lateral  epitaxial  growth  techniques  to  achieve  arrays  of  diamond  single  crystals  on 
non  -diamond  substrates  for  further  processing,  in  wafer  form,  into  devices.  These 
technologies  require  further  development  of  selective  nucleation  processes  and 
approaches  to  control  the  orientation  and  structure  of  diamond  single  cryst^s. 

Selective  nucleation  processes  can  also  be  utilized  to  synthesize  micron  sized 
diamond  crystals  to  function  as  local  field  emission  sources  in  the  fabrication  of  vacuum 
microelectronic  devices.  Elsewhere  in  these  proceedings  the  attractions  of  diamond  as  a 
field  emitter  have  been  discussed  (16).  The  combination  of  negative  electron  affinity,  near 
zero  work  function  and  the  high  thermal  conductivity  makes  diamond  a  very  attractive 
candidate  for  the  fabrication  of  field  emitter  struenues.  Figure  9  is  an  example  of  arrays 
of  diamond  crystals,  selectively  nucleated  on  a  silicon  wafer  showing  the  potential  of 
such  processes  for  the  fabrication  of  vacuum  miocroelectronic  devices. 

Conclusions 

The  interrelationships  between  structure,  process  and  selected  applications  of  low 
pressure  synthesized  diamond  have  been  discussed.  It  is  clear  that  further  knowledge  of 
processes  and  their  relationships  to  physical  properties  is  required  to  successfolly  utilize 
diamond  in  the  large  range  of  potential  applications  of  this  material.  This  paper  has 
attempted  to  discuss  some  of  the  pertinent,  current  issues  in  structure  -property 
relationships  and  applications  of  diamond  films. 
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Figure  1.  Interrelationships  between  applications,  structural  requirements  and  process 
requirements  in  the  low  pressure  synthesis  of  diamond 
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Figure  2.  Relationship  between  the  ratios  of  diamond  to  non-diamond  bonded  phases  as  a 
function  of  methane  concentration  in  hydrogen  (1). 
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Figure.  3.  Transmission  of  characteristic  X-rays  through  Beryllium  and  Diamond 
windows  (3). 
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Figure  4.  Thennal  conductivity/  Dielectric  constant  of  selected  packaging  materials 
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Figure  S.  Effect  of  growth  rate  on  time  required  to  fabricate  1  and  2  mm  thick  diamond 
structures. 


310 


I^gute  6.  SEM  mictoiin^h  of  a  cms  secdm  of  a  thick  dianumd  structuie  demonstrating 
moiphological  instabmdes  attending  the  steacfy  state,  hi^  rate  growth  of  diamond  (13). 
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Figure  7.  Cross  secdonal  structure  resulting  from  the  alternate  deposidon  of  diamond 
and  thin  DLC  layers.  Ntophdogical  instabilides  are  eliminated  (14). 
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RELATIVE  INTENSITY 


Figure  9.  Examples  of  arrays  of  diamond  (^stals  nucleated  on  a  silicon  wafer  for 
iq)piication  as  field  emitter  arrays  in  vacuum  microelectronics. 
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NUCLEATIOW  AND  GROWTH  OF  WEAR-RESISTANT  DIAMOND  COATINGS 


Benno  Lux  and  Roland  Haubner,  Institute  for  Chemical 
Technology  of  Inorganic  Materials,  Technical  University 
Vienna,,  Getreidemarkt  9/161,,  A-1060  Vienna,,  Austria 

ABSIRACa 

Freestanding  low-pressure  diamond  sheets  bonded  to 
tools  or  wear  parts  and  CVD  diamond-coated 
products  are  now  on  the  market  for  testing.  Their 
cutting  performances  approach  those  of  commercial 
wear-resistant  products. 

Low-pressure  diamond  grits  and  new  composite  powders 
(e.g.  diamond-coated  superhard  c-BN  powders)  could 
provide  new  and  extraordinary  grinding  properties. 
These  "simple"  applications  will  soon  lead  to 

competitive  commercial  products,  if  the  process 
upscaling  -  now  under  development  -  can  make  low- 
cost  and  reliable  fabrication  possible.. 


1.  INTRODUCTION 

Protective  hard  coatings  are  used  industrially  for 
purposes  ranging  from  maintaining  the  aesthetical 
appearance  of  scratch-resistant  watches  or  jewelry  to 
improving  the  performance  of  wear-resistant  tools.  Typical 
examples  for  tool  applications  are  dies  for  wire  and  tube 
drawing,,  punching  edges,  sliding  friction  parts,  cutting 
tools,  etc.-  For  about  20  years,  CVD  coatings  of  refractory 
carbides,  nitrides  and  oxides  have  improved  cutting 
performances  and  lifetimes  of  cemented  carbide  tools  which 
are  used  mainly  for  metal  cutting  111 . 

Natural  as  well  as  high-pressure  diamond  has  long  been 
used  for  a  variety  of  tools.  It  is  either  brazed  directly 
onto  the  surface  of  the  tool  or  previously-formed  thin 
sintered  PCD  (=  Poly-Crystalline  Diamond)  compacts  are 
bonded  to  the  surface  of  a  tool  substrate  111 . 


1.1.  Low-pressure  in  situ  diamond  coatings  vs.  soldering 
of  freestanding  films 

The  low-pressure  diamond  synthesis  makes  in  situ  diamond 
as  a  tool  coating  feasible  111 .  It  is  also  possible  to 
produce  thin,  freestanding  diamond  layers  which  are  bonded 
to  the  tool  surface,  as  done  for  PCD  products.  Depending 
on  the  specific  technical  application,  both  techniques 
have  proven  successful  111.  The  freestanding  layer 
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application  is  however  much  simpler  as  the  diamond  layer 
growth  and  its  adhesion  are  carried  out  in  separate 
product  steps.  The  substrate  material  for  in  situ  coating 
cannot  be  chosen  freely.  It  must  fulfill  certain  specific 
needs  for  diamond  nucleation  and  growth,,  and  good  adhesion 
must  also  be  assured. 

1.2.  Typical  tool  substrate  materials 

Normally  the  substrate  bulk  material  for  tools  must  have 
high  toughness,  stiffness,  mechanical  and  thermal  shock 
resistance,  hot  hardness,  high  heat  conductivity,  etc.  For 
a  tool  to  be  effective,  strong  coating  adhesion  is 
essential,  whereby  apparently  at  least  a  partial  chemical 
bonding  between  the  coating  and  the  refractory  carbides  of 
the  hard  metal  is  needed  for  perfect  adherence  /5/. 

Cemented  carbides,  the  traditional  bulk  materials  for  such 
applications,  seem  to  be  a  good  choice  for  diamond -coated 
tools  as  well.  They  can  withstand  high  local  pressures  and 
temperatures,  including  those  occurring  at  cutting  edges 
during  chip  formation.  Other  promising  candidates  are  the 
so-called  cermets  (Ni-bonded  Tie  and  TiN),,  as  well  as  some 
special  oxides  and  nitrides  (AI2O3  ,  SisNi  -,  SiAlON)-. 
Refractory  metals  are  of  interest  as  intermediate  layers 
/6/. 

Both  diamond  nucleation  and  growth  can  be  strongly 
influenced  by  the  substrate  surface  and  its  chemistry  /3/. 
Uncontrolled  interface  reactions  during  the  deposition  can 
be  detrimental,  as  when  causing  changes  of  the  diamond 
crystal  growth  mode  or  even  graphite  formations  due  to 
excess  Co  binder  at  the  cemented  carbide  surface  111 . 

1.3.  Performance  obtained  so  far 

Cutting  tests  with  diamond-coated  tools  on  hypoeutectic 
AlSi  alloys  confirm  that  the  adhesion  problems  can  be 
controlled.-  The  performance  of  low-pressure  diamond-coated 
tools  now  approaches  that  of  commercial  PCD  products 
13,61.  The  automotive  industry  will  be  one  of  the 
principal  users  of  such  tools  111..  Since  for  very  complex 
tools  only  the  traditional  low-performance  tool  materials 
are  now  competitive,  diamond-coated  tools,  which  are 
hardly  feasible  with  today's  PCD  technology,  represent  a 
significant  market  potential, 

1.4.  Abrasive  low-pressure  diamond  powders 

Another  typical  application  which  has  long  held  an 
appreciable  share  of  the  market  is  the  use  of  diamond 
grits  for  grinding  and  polishing.  Pure  diamond  and 
composite  nowder  particles  were  recently  produced  by  the 
low-pressure  method  78,9/ .  Due  to  their  particular 
structure,  composite  powders  can  be  expected  to  be 
suitable  for  specific  grinding  and  polishing  applications 
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as  well  as  for  revolutionary  uses  yet  to  be  developed.  One 
of  these  new  products  is  a  composite  powder  with  a 
superhard  c-BN  core  surrounded  by  a  diamond  shell  /lO/.- 
Special  PCD  products,,  made  by  compacting  composite  powders 
into  the  required  shapes,,  will  open  up  new  dimensions  for 
the  fabrication  of  specialized  high-performance  tools. 


2.  NUCLEATIOW  OF  DIAMOND 

The  usual  pre-nucleation  steps  for  diamond  nucleation  are 
illustrated  in  Fig.l.  Surface  diffusion  and  subcritical 
cluster  formation  should  precede  the  stable  growth  stage. 
Yugo  et  al .  /ll/  suggested  the  size  of  a  homogeneous 
diamond  nucleus  to  be  about  30  A. 

The  nuclei  are  difficult  to  observe  but  the  early  growth 
stages  of  diamond  can  be  easily  seen  by  SEM  /12/ .  Assuming 
that  each  of  the  visible  tiny  crystallites  originates  from 
a  surviving,  supercritical  diamond  nucleus,,  the  nuclei 
number  is  easy  to  count. 

Clusters  of  subcritical  size  should  form  continuously  from 
the  incoming  flux  on  the  substrate  surface  which  does  not 
react  with  carbon.  Stable  nuclei  develop  and  grow  to 
crystals,  which  then  grow  together,,  resulting  finally  in 
the  coating  /13,14/. 

2.1,  <^uring  <Aiampfl«;I...AgpQgi-t;iQn 

Although  the  basic  low-pressure  diamond  synthesis  differs 
little  from  a  normal  CVD  process  except  in  its  need  for 
gas  activation,  a  comparison  of  its  chemistry  with  "normal 
CVD  processes"  reveals  both  differences  and  similarities 
/3/ .  Various  carbon  species  are  supposedly  involved  in  the 
atomic  attachment  /15-20/.  The  presence  of  atomic  hydrogen 
leads  to  a  "selective  etching".  Under  "super-equilibrium" 
conditions  and  at  certain  temperatures,  pressures,  etc.,, 
the  appearance  of  sp^ -bonded  carbon  (graphite)  is 
prevented  and  the  sp^ -bonded  carbon  (diamond)  is  stable. 
These  kinetic  reactions  are  essential  for  the  CVD  diamond 
formation  /21,22/. 

2.2.  substrate/reaction  gas _ interactions 

The  main  reason  for  the  long  incubation  times  frequently 
observed  for  diamond  nucleation  is  the  occurrence  of 
chemical  interactions  at  the  substrate  surface  with  the 
synthesis  gases,,  e.g.-: 

-  atomic  and  molecular  hydrogen 

-  hydrocarbides  or  CHx  radicals 

-  oxygen,  dopants,  etc,.,,  as  applicable 

Depending  on  the  nature  of  the  substrate,,  different 
chemical  reactions  and/or  diffusion  with  hydrogen  and/or 
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carbon  are  possible.  Chemical  reactions  occur  normally 
with  compounds  such  as  oxides,  nitrides,  sulfides, 
etc.,  /23/., 

Obviously  the  formation  of  new  compounds  on  the  substrate 
surface  can  be  beneficial  or  detrimental  for  the  diamond 
nuclei  formation  as  such.  Gas  formation  can  also  strongly 
interfere  with  the  nuclei  formation.  Both  can  prolong  the 
time  needed  to  develop  the  early  growth  stages  and  can 
also  influence  the  adhesion  of  the  final  diamond  coating 
/3,23/. 

Regarding  the  carbon/ substrate  interactions  only,,  metals, 
alloys  and  pure  elements  can  be  classified  in  three 
groups :, 

1.  Little  or  no  solubility  or  reaction:  diamond,  graphite,, 
Cu,  Ag,  Au,  Sn,,  Pb,,  etc. 

2.,  C  diffusion  only,  whereby  C  dissolves  in  Me(C)  mixed 
crystals:  Pt,,  Pd,,  Rh,,  Fe,,  Ni,,  etc.  /24/. 

3..  Carbide  formation  /25/ 

metallic:  Ti ,  Zr,  Hf, 

V,,  Nb,,  Ta,, 

Cr,,  Mo,  W,  etc. 

Fe,,  Co,,  Ni  (metastable),,  etc. 
covalent:  B,  Si,,  etc. 

io  ic  :  Al,,  Y,,  rare  earth  metals,,  etc. 

Besides  the  surface  modifications  discussed  above,,  which 
lead  to  compounds  promoting  heterogeneous  diamond 
nucleation,  certain  substrate  materials  (2  and  3)  delay 
diamond  nucleation  by  acting  as  carbon  sinks.  At 
deposition  temperatures,  large  amounts  of  carbon  are 
transported  into  the  bulk,  where  it  forms  either  carbides 
or  solid  solutions.  This  leads  to  a  temporary  decrease  in 
the  carbon  surface  concentration,  which  delays  the  onset 
of  nucleation.  For  substrates  with  very  high  C  diffusion 
rates  their  thickness  becomes  a  relevant  parameter  for  the 
onset  of  nucleation.  Thin  foils  reach  their  carbon 
saturation  more  rapidly  than  bulky  crystals  /26,27/.  If 
the  carbon  solubility  decreases  with  temperature, 
formation  of  metastable  carbides  or  precipitation  of 
graphite  (Me+C)  usually  occurs  during  cooling  /24/. 

2.3.  Nucleation  on  different  substrates 

If  nucleation  were  independent  of  the  substrate,  the 
weight  increase  during  the  nucleation  period  would  be 
identical  for  all  substrates.  Experiments  showed  however 
that  the  weight  change  during  the  early  stage  of  diamond 
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deposition  depends  on  the  substrate  used  (Fig. 2)  /23/. 

Only  after  the  surface  is  completely  covered  with  diamond 
did  the  weight  increase  with  time  become  constant  for  most 
of  the  substrates  investigated. 

Not  only  the  weight  change  but  also  the  nuclei  number  and 
the  time  to  obtain  full  coverage  of  the  surface  (=  layer 
formation)  depend  strongly  on  the  chemical  nature  of  the 
substrate  and  its  surface  condition  /12 , 23 , 28 , 29/ . 

The  C  oversaturation  needed  for  heterogeneous  nucleation 
to  occur  obviously  depends  on  the  chemical  nature  of  the 
substrate.  If  the  substrate  surface  itself  cannot  nucleate 
the  diamond,  but  must  first  undergo  a  chemical  reaction  to 
produce  a  suitable  basis  for  heterogeneous  nucleation, 
then  the  longer  incubation  time  is  logical  (Fig. 3, 4).  For 
example,  it  takes  hours  for  diamond  crystals  to  become 
visible  on  the  clean  surface  of  a  Si  wafer,  while 
nucleation  on  single-crystalline  SiC  takes  place  rapidly 
/23/.  As  known  for  the  refractory  metals  /30,31/, 
apparently  Si  must  also  form  its  carbide  before  nucleation 
can  occur  /32,33/, 

2.3.1  Diamond  nucleation  and  growth  on  SiAlON  substrates 
Diamond  deposits  readily  on  SiAlON  substrates,  resulting 
in  high  nucleation  densities  723/ ,  After  the  layer  is 
formed,  further  growth  is  influenced  only  by  the  diamond 
deposition  parameters.  These  effects  can  be  explained  by 
the  high  resistivity  against  the  activated  H2/CH4  gas 
mixture  during  diamond  deposition. 

2.3.2  Cemented  carbide  substrates  and  nucleation 

Bichler  /34/  reported  that  the  diamond  nucleation  rate  on 
cemented  carbides  without  prior  diamond  polishing 
treatment  of  the  surface  decreases  with  increasing  Co 
concentration  (3-10%  Co).  At  a  Co  concentration  above  6% 
the  diamond  nucleation  rate  reached  the  minimum.  A 
negative  influence  of  Co  on  diamond  nucleation  on  cemented 
carbide  surfaces  was  reported  by  Matsubara  and  Kihara 
735/ .  They  obtained  a  graphitic  carbon  deposition  on  the 
Co  phase,  which  was  later  overgrown  by  diamond,  leading  to 
poor  adhesion  of  the  diamond  coatings.  Although  this  is 
difficult  to  observe  for  the  fine-grained  cemented 
carbides  normally  used,  the  same  basic  principles  still 
apply  7367. 

The  Co  concentration  clearly  influences  the  diamond 
crystal  growth  and  its  morphology  as  well.  At  low 
concentrations  (0  to  0.3  %  Co)  and  short  deposition  times 
no  nucleation  effect  or  growth  changes  due  to  Co  were 
observed.  At  a  higher  Co  content  (3%)  branching  due  to 
surface  nucleation  occurred  and  smaller  crystals  were 
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grown  on  top  of  the  larger  ones.  Co  diffusion  to  the  layer 
surface  led  to  a  secondary  nucleation  of  new  diamond 
crystals.  A  similar  influence  of  diffusing  Co  on  CVD 
depositions  other  than  diamond  have  already  been 
investigated  for  AI2O3  coatings  using  Auger  analysis  /37/. 


3.  MANIPULATIONS  TO  ENHANCE  DIAMOND  NUCLEATION 

The  scratching  and  polishing  of  si  wafers  with  diamond 
grits  or  other  hard  particles  such  as  SiC,  B4C,  c-BN, 
etc.  /II ,29,38-41/ ,  precoating  with  diamond-like  carbons 
/41/,,  or  even  fingerprints  on  refractory  metals  /42/,  were 
reported  to  promote  diamond  nucleation  on  si  wafers.-  They 
avoid  the  long  exposure  times  required  on  smooth  Si  /32/. 
Nucleation  enhancement  by  surface  treatment  is  however 
specific  for  neither  diamond  nucleation  nor  for  Si 

substrates.  Various  refractory  metals  showed  analogous 
enhanced  diamond  nucleation  as  well  as  rapid  film 
formation  after  polishing  or  scratching  with  diamond,,  Sic,, 
AI2O3  or  other  particles  (Fig. 5)  /12/., 

The  comparison  of  various  polishing  and  grinding  materials 
and  their  interaction  with  different  substrates  should 
also  yield  valuable  information  about  the  mechanisms 
involved  /12/..  Thin  corners  are  prone  to  be  carburized 
more  rapidly  than  flat  surfaces,  which  could  explain  the 
early  nucleation  on  exposed  groove  walls  or  fracture 
surfaces.  Remaining  fragments  of  the  grinding  materials 
are  also  possible  nucleation  sites,  as  the  critical 
homogeneous  nuclei  size  for  fractured  diamond  particles  to 
act  as  nuclei  can  be  expected  to  be  rather  small. 


4.  DIAMOND  GROWTH 

4.1.  Nucleation  number  and  layer  growth  rates 
For  the  coating  formation  two  growth  regimes  must  be 
distinguished  /28/.  During  the  early  growth  period  the 
nuclei  grow  as  isolated  crystals.  The  crystals  grow,  form 
larger  islands  and  finally  completely  cover  the  substrate 
surface.  The  initial  rapid  increase  in  size  of  the 
isolated  crystals  and  islands  is  due  to  abundant  surface 
diffusion  of  carbon  from  the  relatively  large  -liamond-free 
areas  surrounding  them  /43/.  After  layer  formation,  the 
increase  in  thickness  is  proportional  to  the  incoming 
carbon  flux..  The  time  needed  to  form  a  continuous  film 
depends  not  only  on  the  growth  parameter  chosen  but  also 
on  the  number  of  nuclei  formed.  As  outlined  above,,  the 
substrate  and  its  surface  condition  are  important 
additional  parameters  for  this.  Usually  the  growth  rate  of 
the  coating  itself  is  independent  of  the  substrate.. 


4.2.  Formation  of  layers  and  coatings 

The  mechanism  described  above  is  also  valid  for  other 
facetted  crystals.  As  well  known  from  various  CVD  coatings 
on  tools  (AlzOa-,,  TiC,  etc.)  /44/  preferred  growth 
directions  can  lead  to  "columnar"  structured  layers  which 
are  also  observed  with  CVD  diamond  /3,, 45-47/. 

Outward  diffusion  of  impurities  from  substrates  can  be 
undesirable  since  facetted  crystal  growth  is  usually  very 
sensitive  to  foreign  elements  /37/.  This  was  an  early 
problem  with  AI2O3  coatings  on  cemented  carbides  /44/.-  As 
seen  above,.  Co  binder  diffusion  also  has  negative  effects 
during  diamond  coating  /36,,48,,49/ .  Proposed  solutions  to 
the  problem  include  intermediate  layers  /50/-,,  removal  of 
excess  Co  by  etching  /36/,  and  using  substrates  with  low 
Co  contents  /48,51/.. 

A  "beneficial"  effect  of  such  diffusion  is  the  faster 
layer  growth  rate  on  BN  substrates,,  most  likely  caused  by 
an  "outwards"  diffused  boron  "impurity"  which  accelerates 
the  diamond  growth  /52/. 


5.  SPECIFIC  PROBLEMS  ENCOUNTERED  DURING  DIAMOND  CVD 

For  industrial  production,,  even  after  the  problems  of 
nucleation,  growth,  interface  reactions  and  interface 
bonding  are  solved,  the  specifics  of  technical  reactors 
must  also  be  well  understood  73,7/ .  During  CVD  growth  the 
reactants  must  diffuse  through  different  types  of  boundary 
layers  753/ .  The  growth  kinetics  are  closely  linked  with 
this  boundary  layer  transport  mechanism  in  conjunction 
with  the  specific  chemical  reaction  kinetics  753-557. 
Additional  "CVD  diamond"  problems: 

-  The  convection  is  strongly  influenced  by  an  atomic 
hydrogen  wind  7567. 

-  In  hot-filament  reactions  the  Sorret  effect  can  become 
unusually  important  7537. 

-  The  metastable  nature  of  the  atomic  hydrogen  complicates 
reactor  upscaling,  etc. 


6.  CONCLUSION 

Today,  product  development  for  diamond  cutting 
applications  is  already  in  a  relatively  advanced  state, 
since  a  perfect  diamond  crystal  lattice  and  single 
crystallinity  are  not  primary  requirements  for  their 
proper  functioning.  Their  technical  feasibility  has 
already  been  demonstrated  in  different  wear  applications. 
The  rapid  advancement  in  these  "simpler”  application 
areas  has  already  led  to  industrial  products  based  on 
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freestanding  diamond. 

However,,  the  production  of  technically  and  economically 
feasible  products  for  superhard  applications  is  still  only 
in  its  early  stages.  Some  of  the  major  problems  remaining 
to  be  solved  are 

-  higher  diamond  growth  rates 

-  better  carbon  and  energy  yield 

-  better  adhesion  between  substrate  and  diamond  coating 

-  upscaling  for  diamond  deposition  reactors  for  continuous 
production  of  wear  parts 

-  better  tool  lifetimes  during  wear  operations 

-  perfection  of  in  situ  coatings 
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ABSTRACT 

The  fracture  toughnes«!  of  CVD  diamond  is  measured  by  the 
Vickers  indentation  method.  Free-standing  diamond  films  of 
400  ^m  thickness  are  produced  with  plasma-enhanced  chemical 
vapor  deposition,  and  highly  polished  for  indentation  testing. 
Indentation  testing  was  performed  with  a  microhardness  tester 
using  a  load  range  of  500-800g.  The  average  fracture  toughness  is 
measured  as  5.3  MPaVm. 


INTRODUCTION 

There  is  now  considerable  interest  in  the  commercializing 
diamond  Him  technology  produced  by  chemical  vapor  deposition  (CVD). 
Numerous  applications  have  been  identified  which  exploit  the  superior 
material  properties  of  diamond;  such  as,  detector  windows,  heat  sinks 
and  tooling.  Despite  the  enormous  potential  of  CVD  diamond,  the 
mechanical  properties  are  largely  unknown.  This  study  focuses  on  the 
fracture  toughness  of  CVD  diamond  using  the  indentation  method  to 
measure  Kc. 
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EXPERIMENTAL  PROCEDURES 


A  diamond  film  was  grown  using  plasma*enhanced  chemical 
vapor  deposition  at  2.45  GHz.  The  necessary  conditions  for  diamond 
deposition  were  achieved  at  1. 5*2.0  KW  and  a  total  gas  pressure  of  80*90 
Torr.  Reactant  gasses,  H2,  CH4,  and  CO  were  premixed  and  metered  with 
flow  controllers  at  flow  rates  of  250*200  seem.  The  substrate  was  a  two 
inch  diameter,  one  quarter  inch  thick  [100]  silicon  wafer.  To  enhance 
nucleation,  the  wafer  was  polished  with  diamond  powder  followed  by 
rinsing  in  isopropyl  alcohol  and  deionized  water  to  remove  all  diamond 
powder  h-om  the  surface.  After  deposition  a  free  standing  diamond  film 
was  obtained  by  back  etching  the  silicon. using  HPtHNOsrHAc  in  a  2:2:1 
ratio. 

The  diamond  film  used  in  this  investigation  had  a  maximum  thickness 
of  400  pm  unpolished  with  an  approximate  50pm  grain  size.  The  grains 
are  (100)  form  with  [111]  perpendicular  to  the  plane  of  the  film.  In 
addition  twinning  is  observed  on  (111)  (Fig.  1).  The  film  was 
characterized  by  Raman  spectroscopy  (Jobin  Yvon  spectrometer)  scanning 
from  1200  to  1700  cm*i  to  determine  the  presence  of  diamond, 
nondiamond  carbon  and  graphite.  The  Raman  spectrum  taken  from  the 
top  surface  of  the  diamond  fllm  shows  the  characteristic  diamond  peak  at 
1331cm'l  (Fig.  2).  The  lack  of  broad  peaks  at  1355  and  1560  cm'i  indicates 
a  low  concentration  of  sp^  bonded  nondiamond  carbon  and  graphite. 

After  characterization,  the  free  standing  film  was  polished  using  a  cast 
iron  scaife  and  4*12  pm  diamond  grit.  Surface  roughness  of  the  polished 
film  was  obtained  by  contact  profilometery  using  a  5  pm  radius  stylus 
scanning  3  mm.  The  peak*to*valley  surface  roughness  v'as  found  not  to 
exceed  MO  A. 

The  hardness  and  fracture  toughness  of  the  polished  film  was  measured 
with  a  Zwick  microhardness  tester  using  a  Vickers  diamond  indenter 
under  500*800g  (4.9*7.8N)  load.  As  described  in  the  next  section,  the 
hardness  is  determined  from  the  impression  size,  while  fracture 
toughness  follows  from  the  radial  crack  lengthLZ.  Measurements  of  the 
impression  size  and  crack  lengths  were  made  with  optical  microscope 
under  lOOOx  (dry  lens)  magniBcation.  The  sample  was  sputter  coated 
with  a  thin  gold*palladium  layer  to  enhance  light  reflection.  The  load 
range  was  selected  to  allow  measurable  indentation  features  with  optical 


microscopy  while  reducing  the  tendency  for  indenter  failure. 
Indentations  at  loads  of  800g  or  higher  caused  failure  with  fewer  than 
five  tests  for  a  given  Vickers  indenter. 


RESULTS  AND  DISCUSSION 

Eleven  Vickers  indentations  of  the  polished  diamond  surface  were 
made  in  the  SOO'SOOg  load  range  (Fig.  3),  producing  a  hardness 
impression  and  radial  crack  lengths  measurable  in  the  optical  microscope 
(Fig.  4).  The  hardness,  H,  is  related  to  the  impression  size,  2a,  byl 

H  =  0.47P/a*  (1) 

where  P  is  the  applied  load.  Hardness  was  measured  in  the  range  of  57.5 
to  108  GPa,  with  the  average  H=80.6  GPa  and  standard  deviation  of  17.6 
GPa.  The  size  of  the  impressions,  2a,  was  5  to  10pm  which  is  smaller 
than  the  average  grain  size.  The  wide  variation  in  hardness  is  due  to  the 
difficulty  in  measuring  the  impression  size  under  low  loads,  and  the 
incidence  of  damage  at  the  edge  of  impressions  at  high  loads.  Despite  the 
large  variation  in  hardness,  the  mean  value  is  within  about  10%  of  the 
90  GPa  value  measured  in  other  studics.^'^  A  narrower  range  of  values  of 
hardness  values  is  likely  to  occur  with  Vickers  indentations  at  higher 
loads  (>  1  Kg),  however  indenter  damage  occurs  with  these  loads  after  a 
single  test. 

The  fracture  toughness,  Kc,  is  determined  from  the  Vickers 
indentation  by  measuring  the  radial  crack  lengths  emanating  from 
corners  of  the  hardness  impression.  The  crack  length,  c,  hardness,  and 
Young's  Modulus,  E,  is  related  to  fracture  toughness  by^ 

K.  =  $(E/H)'«(P/c’«)  (2) 

where  4  (=0.016)  is  a  calibration  constant  determined  in  a  previous  study 
of  indentation  fracture^.  Fracture  toughness  values  were  determined 
using  equation  (2)  with  the  E=1000  GPa  reported  in  the  literature,^  and 
are  summarized  in  Fig.  3.  Kc  varied  from  3.5  to  7.4  MPaVm  with  an 
average  value  of  5.3  MPaVm  and  a  standard  deviation  of  1.3  MPaVm. 

The  average  Kc=  5.3  MPaVm,  is  an  upper  bound  value  of  the 
fracture  toughness,  since  the  resolution  of  crack  length  in  this  study  is 
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limited  by  lOOOx  magnification.  Higher  resolution  microscopy  may 
reveal  longer  crack  lengths  thereby  reducing  Kc  for  a  given  load.  In 
addition  to  optical  microscopy,  crack  length  measurements  were  also 
attempted  with  scanning  electron  microscopy  (SEM)  using  a  relatively 
low  accelerating  voltage  of  5  KV  to  maximize  the  secondary  electron 
yield.  However,  the  crack  lengths  measured  by  SEM  were  shorter  than 
those  measured  by  optical  microscopy.  Additional  work  is  needed  to 
further  resolve  crack  length  measurements.  This  is  particularly 
important  for  indentation  experiments  with  low  loads  which  is 
necessary  for  reasonable  penetrator  life. 

Cracks  lengths  in  this  study  were  a  maximum  25pm  which  gives 
the  total  crack  length,  2c,  on  the  order  of  the  average  grain  size.  Fracture 
toughness  in  this  case  may  represent  a  mixture  of  intergranular  and 
intragranular  failure  which  requires  microstructure  analysis  to  quantify 
the  fracture  path.  Ideally,  the  method  for  measuring  Kc  that  was  used 
here  should  use  sufficient  load  to  create  radial  cracks  much  longer  than 
the  grain  size.  However  the  load  necessary  to  create  long  indentation 
cracks  in  polycrystalline  diamond  far  exceeds  the  fracture  strength  of  the 
Vickers  indenter.  Further  determination  of  fracture  toughness  may  use 
traditional  methods  such  as  double  cantilever  beam  specimens  with  long 
pre-cracks. 


SUMMARY 

The  fracture  toughness  of  CVD  diamond  was  determined  by  the 
indentation  method  as  about  5.3  MPaVm.  This  represents  the  first  report 
of  fracture  toughness  for  PECVD  diamond  and  should  be  considered  an 
upper  bound  value  for  Kc  where  indentation  crack  lengths  are  on  the 
order  of  the  grain  size.  Additional  work  is  needed  to  further  resolve 
crack  lengths,  particularly  under  low  indentation  loads.  Fracture 
toughness  measurements  should  also  be  made  with  other  methods 
using  long  pre-crack  lengths. 
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Fig.  1  Scanning  electron  micrograph  of  the  diamond  film  surface  prior  to 
polishing. 
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Fig.  3  Plot  of  Fracture  toughness  data  vs.  load  showing  an  average  Kc-5.31 
MPaVm. 
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Abstract 

Diamond  films  grown  by  microwave  plasma  CVD,  thicknesses 
approximately  5-20  microns,  were  pattemed  into  tensile  test  specimens.  Using 
conventional  tensile  test  techniques,  the  diamtmd  was  stress^  in  tension  to 
fiacnire  and  the  load  recorded.  The  cross  sectional  area  at  separation  was 
measured  and  the  tensile  strength  observed  to  be  nominally  1.5  (lO*)  psi,  best 
case.  Fracture  characteristics  were  examined  by  SEM. 


Introduction 

Although  the  fact  that  diamond  is  *hard*  is  a  well-established  point  of  fact,  lay  and 
scientific,  the  actual  'conventional'  mechanical  propeities  such  as  the  modulus  of  elasticity, 
tensile  strength  and  corapresability  ate  much  less  quantified.  This  is  eqiecially  true  of  the 
interesting  polyctystalline  diamond  films,  PDF,  resultant  fiom  the  synthesis  work  with  filament 
and  plasma  growth  techniques  of  the  last  decade.  The  potential  mechanical  applications  for 
diamond,  which  are  numerous,  suggest  more  prcqjeity  chancterization  would  be  useful. 

The  Young's  modulus  of  PDF  has  been  found  to  be  1.20(10^)  kg/cm’  [1]  as  compared  to 
1.15(10^)  kg/cm*  for  natutal,  single  crystal,  diamcsid.  As  regards  tensile  strength,  experimentation 
was  performed,  monitoring  deflection  as  a  function  of  pressure  and  the  pressure  to  rupture  PDF 
membranes,  resulting  in  estimates  of  tensile  strength  [2],  However,  complications  in  the  model 
selection  for  membrane  approach  (e.g.,  should  the  PDF  be  treated  as  a  membrane  or  a  plate?)  led 
to  wide  variations  in  the  estimates. 

Ideally,  a  more  conventional  specimen  of  PDF  could  be  fabricated  for  true  orthagonally 
loaded  tensile  stress  testing.  In  this  work,  we  attempted  to  'shape'  such  PDF  tensile  specimens 
fabricated  by  HPMWCVD  (lugh  pressure  microwave  chemical  vapor  deposition)  PDF  processing. 
PDF  deposition  was  performed  in  an  ASTEX  (TM)  HPMW  DDS-6  system.  Figure  1,  this  process 
of  achieving  diamond  films,  most  typically  on  silictm  substrates,  has  been  described  elsewhere[l]. 
Raman  spectra  and  visual  inspection  indicate  films  with  very  low  sp*  content.  The  surface 
morphology  of  PDF  typically  obtained  is  shown  in  Figure  2  and  a  typicd  Raman  spectra  of  these 
films  is  shown  in  Hgure  3. 
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For  PDF  itripes,  the  diamond  was  depodted  on  silicon  and  the  silicon  was  then  etched 
away  in  a  conventional  silicon  etch  solution  which  has  no  effect  on  the  diamond.  Analytical 
techniques,  e.g.,  SIMS,  indicated  all  of  the  silicon  was  removed.  For  some  specimens  the  silicon 
substrate  was  shaped  to  result,  directly  horn  the  deposition,  in  a  stripe  of  dianmnd  suitable  for 
tensile  testing.  Other  diamond  specimens  were  deposited  as  a  film  and  a  patterning  process, 
described  elsewhere  [3],  used  to  achieve  the  desired  specimen  shape.  Figure  4  is  a  photograph 
of  a  &ee  standing  PDF  tensile  specimen. 

TWo  forms  of  tensile  specimens  were  pursued,  stripes,  as  just  de3ctibed,and  filaments. 
Hlaments  were  formed  by  deputing  diamond  on  free  standing  sections  of  snoall  (nominally  10- 
25  p  diameter)  fibers  of  tungsten,  molybdenum,  graphite  and  aluminum  oxide.  See  figures  5  and 
6.  The  molybdenum  cote  fibers  were  selected  to  attempt  filament  tensile  testing. 


Mechanical  Testing 

Free  standing  PDF  structures  are  fragile  and  brittle,  easily  broken  by  macroscopic  bending 
loads.  Large  compressive  grips  are  unsuitable  for  gripping  the  films  or  fibers  in  the  tensile 
machine.  Employing  an  MTS  model  5(X)2  tensile  test  machine,  specially  designed  connectors 
and  a  specimen  mounting  technique  using  a  supporting  aperture  cari  for  pre-loading,  successful 
tensile  tests  were  performed.  Successful  is  de^ed  as  pulling  the  tensile  specimens  apart  and 
achieving  a  clear  separation  at  or  near  the  middle  (gauge  length)  of  the  specitiwn. 

The  plastic  frame  aperture  card  that  was  used  in  some  instances  enabled  placement  of  the 
tensile  specimen  in  readiness  for  load.  The  ends  of  the  specimen  were  'super  glued'  to  the  frame 
which  had  holes  centrally  located  into  which  universal  hooks  to  connect  to  the  load  cell  and  base 
of  the  tensile  machine  were  attached.  A  tyjncal  arrangement  is  shown  in  Figure  7,  and  typical 
machine  and  load  conditions  are  indicated. 

PDF  structures  were  loaded  to  fracture  and  the  maximum  load  noted.  A  typical  load:tirae 
output  is  shown  in  Figure  8.  The  calibrated  load  cell  signal  as  f(t)  was  processed  through  a  PC 
based  data  recording  system  for  storage,  plotting,  etc.  Due  to  unquantifiable  'give'  in  the  entite 
arrangement,  no  attempt  at  accounting  for  strain  in  the  PDF  is  m^.  The  first,  smaller  peak  in 
the  example  represents  a  shifting  in  the  hooks  as  the  load  began  to  build  up. 

By  noting  the  maximum  load  sustained  to  failure  and  measuring  the  width  and  thickness 
(area)  of  the  cross  section  that  fractured  under  that  load,  the  tensile  strength  is  estimated.  It  is 
noted  that  only  data  where  the  PDF  failed  (separated)  clear  of  the  plastic  frame  'grips',  i.e., 
preferably  at  or  near  the  middle  of  the  length  of  PDF  stripe,  was  used  in  these  estinoates. 
Slightly  less  than  half  of  specimens  tensile  tested  to  date  fractured  in  a  'good  data'  zone. 

Hgure  9  is  an  SEM  of  the  ftacture  surface  of  the  crtjss  section  of  PDF  that  failed  at 
maximum  load.  The  ftacture  surface  resembles  that  of  other  fractured  PDF,  characterized  by 
Hoff  [4],  although ..  ading  conditions  in  that  work  may  be  different  in  application  and  unknown 
in  magriitude. 
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Figure  10  it  •  table  tummaiizing  the  tensile  test  data.  All  data  is  from  stripes.  Mote 
specimens  are  under  evaluation.  Processing  deposition  conditions  for  these  samples  were; 
Substrate  Temperature  -  8S0*C,  hydrogen  flow  •  SOO  aecm,  methane  flow  -  5  seem,  microwave 
power  -  ISOO  Watts.  Samples  nondnally  8  •  10  microns  thick  were  deposited  fw  20  hours. 
Samples  nominally  IS  microns  thick  were  deposited  for  36  hours.  It  was  presumed  that 
negligible  plastic  flow  occurred  (mme  was  obamed)  during  tensile  load,  and  thus  the  area  at 
fracture  crosa  aecdon  measured  was  taken  as  the  area  that  carried  the  load  at  f'.'iuns. 

No  load  data  is  available  for  poly  diamond  fibers.  No  successful  handling  technique  ia 
yet  achieved  for  'zero*  or  start  condidona  of  the  load  testing  on  the  size  instrument  and  fixtures 
used  without  flrst  breaking  the  fiber  specimens  by  etaa  loading. 


Discussion 

Even  the  highest  value  observed  for  tensile  strength,  166  ksi,  is  smaller  dian  expected 
based  on  the  very  high  Young's  modulus  of  diamond  and  based  on  the  membrane  rupture  data 
[2].  Ihere  ate  several  possible  explanadons;  (a)  loading  in  these  experiments  is  sdll  not  perfeedy 
axial  and  bending  moments  are  present,  (b)  microcracks  (notches/stress  risers)  exist  at  the  edges 
or  surfaces  of  the  specimens,  or  (c)  intergranular  fracnire  is  occurring  through  material  inferior 
to  pure  diamond.  Also,  the  small  number  of  samples  successfully  tested  thus  far  do  not  allow 
statisdeal  assessment. 

We  are  continuing  to  refine  the  techniques  and  ate  exploring  different  PDF.  As  reported 
by  others  [5,6]  grain  aze  and  sp*»p*  of  the  polydianmnd  can  be  influenced  by,  e.g.,  dep^don 
temperature,  H,:CH4  tado,  and  the  presence  of  oxygen  during  deposidon.  Using  techniques 
described  in  tlds  paper,  and  their  reflnements,  the  tensile  strength  of  diamond  Aims  will  be 
further  examined  with  these  parameters  as  variables. 


Summary 

Free  standing  polycrystalline  chamond  Aims  have  been  subjected  to  tensile  testing  and  the 
load  to  pull  them  apart  detomined.  An  esdraate  for  the  tensile  strength  and  the  morphology  of 
the  tensile  fracture  surface  were  presented. 
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Figure  2.  SEM  of  PDF  Surface 
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Figure  6.  PDF  Coated  Tuogiten 
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Figure  t.  TentUe  Tot  Load  Output 
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ABSTRACT 

Successful  development  of  diamond  coated  tooling  requires  a 
quantitative  measurement  of  adhesion  between  diamond  and 
cemented  carbide.  The  brale  indentation  method  is  explored 
whereby  a  circular  interface  crack  is  created  under  applied  load. 
A  model  is  presented  which  focuses  on  the  plastic  deformation 
near  the  indenter  that  results  in  mode  I  loading  of  the  film.  In 
particular,  an  Obreimoff-type  analysis  is  used  to  relate  interface 
toughness  to  the  plastic  deformation  near  the  indenter,  film 
thickness.  Young's^  modulus,  and  applied  load. 


INTRODUCTION 


There  has  been  considerable  effort  focused  in  recent  years  towards 
the  development  of  CVD  diamond  as  a  hardcoating  for  tool  inserts^;  an 
application  which  takes  advantage  of  some  of  the  superior  material 
properties  of  diamond,  namely,  that  is  has  the  highest  hardness  and  a 
very  low  friction  coefficient.  Substrates  for  this  purpose  have  been 
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ceramics  such  as  SiAION,  and  tungsten  carbide/cobalt  cermets.  The 
latter  is  the  traditional  tool  insert  material  and  is  preferred  in  some  cases 
over  ceramic  ituerts  because  of  its  higher  fracture  toughness.  However, 
a  critical  issue  remaining  for  diamond*coated  WC/Co  substrates  is 
maintaining  adequate  adhesion.^ 

An  important  ancillary  issue  for  the  development  of  diamond 
coated  tool  inserts  is  adhesion  testing,  where  a  rapid  and  quantitative  test 
of  adhesion  allows  feedback  for  deposition  development  without  the  use 
of  more  costly  and  possibly  time  consuming  machining  tests.  Several 
quantitative  adhesion  tests  have  been  proposed  for  this  purpose 
including:  scratch,^  scraping,^  indentation,^'^  and  four-point  bending 
tests.7  However,  one  or  all  of  these  methods  encounter  a  number  of 
difficulties  as  a  simple  and  quantitative '  test  for  adhesion  that  is 
appropriate  for  diamond-coated  tool  inserts.  For  example,  stylus  wear 
greatly  affects  the  scratch  test,8»9  and  the  four-point  bending  test  is  not 
appropriate  for  the  tool  insert  geometry..  To  avoid  these  difficulties,  the 
brale  indentation  test  is  of  considerable  interest  because  it  is  a  simple  and 
rapid  test  which  is  easily  transferred  to  the  production  environment. 

The  brale  indentation  test  involves  indenting  a  coated  substrate 
under  a  15-150  Kf  load  using  a  Rockwell  hardness  tester.  Under 
sufficient  load,  a  region  of  interface  cracking  and  film  buckling  is  readily 
seen  in  the  optical  microscope  (Fig.  1).  A  qualitative  assessment  of 
adhesion  is  easily  made  by  comparing  interface  crack  diameters  for  a 
given  load, 2  however,  a  quantitative  measure  of  the  interface  toughness 
is  not  yet  available.  This  issue  is  addressed  here  by  presenting  a  first 
order  analysis  of  the  brale  indentation  test. 


INDENTATION  ANALYSIS 

An  estimate  of  the  interface  toughness,  Gc,  can  be  obtained  from 
the  brale  indentation  test  by  considering  the  plastic  deformation  in  the 
WC/Co  substrate  near  the  indenter.  Under  load,  uplift  and  lateral 
displacement  of  substrate  material  occur  adjacent  to  the  indenter,  and 
result  in  mixed-mode  loading  of  the  diamond  film.  Although  a  detail 
analysis  should  consider  mode  I  and  II  contributions,  a  first  order 
prediction  for  Gc  can  be  made  by  only  considering  mode  1  loading 
induced  by  the  uplift  displacement,  A  (Fig.  2)..  In  this  case,  crack 
extension  takes  place  along  the  interface  when  the  indentation  load  is 
sufficient  to  increase  the  mode  I  loading  to  Gc. 
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A  simple  fracture  mechanics  model  for  the  process  shown 
schematically  in  Figure  2  follows  from  an  Obreimoff  analysis  of  the 
uplift  displacement  of  the  diamond  film.^*)  For  a  two-dimensional 
(planar)  geometry  the  strain  energy  release,  G,  is  related  to  the  variation 
in  strain  energy,  U,  with  crack  length,  a:^^ 

G=~— 

b  a  a  (I) 


where  b  is  the  out-of-piane  dimension  (Fig.  3).  The  strain  energy  is  easily 
found  for  a  diamond  beam  of  length,  a,  under  a  force, 


U  = 


6E1 


U) 


where  E  is  the  Young's  modulus  of  the  film,  h  is  the  film  thickness,  and 
I  (*bh3/12)  is  the  section  modulus.  Similarly,  the  uplift  displacement.  A, 
is  given  by: 


A  = 


Pa^ 

3EI 


(3) 


Combining  equations  (1)  -  (3),  the  normalized  strain  energy  release  rate  is 
found  by  as  a  function  of  the  uplift  displacement,  film  thickness  and 
aack  length: 


Eh 


RESULTS  AND  DISCUSSION 


(4) 


The  strain  energy  release  rate  is  found  by  equation  (4)  to  strongly 
decrease  with  the  inverse  of  crack  length,  and  increase  with  uplift 
displacement  (Fig.  4).  The  sharp  decrease  in  normalized  G  with 
increasing  crack  length  indicates  that  the  brale  indentation  test  should 
provide  a  sensitive  measure  of  interface  toughness. 
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The  substrate  material  properties  are  not  explicitly  given  in 
equation  4,  but  are  reflected  in  A.  Thus,  the  uplift  displacement  is  a 
critical  parameter  for  this  analysis  because  it  relates  G  to  material 
properties  of  the  substrate  and  the  indentation  load.  A  is  a  complex 
function  of  the  indentation  load,  yield  stress,  and  elastic  properties  and  is 
determined  by  surface  profile  measurements  or  finite  element 
computations. 

The  determination  of  A  for  WC/Co  remains  for  future  work, 
however,  interface  toughness  can  be  explored  for  a  range  of  displacement 
values  (Fig.  4).  Specifically,  values  of  Gc  can  be  determined  with  typical 
value  of  Young's  modulus^^  and  film  thickness  for  a  deposited  diamond 
film  (E=1050  GPa,  h=l  p.m).  For  example,  a  brale  indentation  test 
providing  a  normalized  dis*  '  tcemenf  of  A/h=l  results  in  a  10  pm 
interface  oack  radius  with  an  interface  toughness  of  1  J/m2  (Fig.  4). 

Further  work  is  needed  to  refine  tne  calculation  by  accounting  for 
the  axisymmetric  indentation  geometry,  residual  film  stress,  and 
buckling. 


CONCLUSIONS 

A  first  order  analysis  of  the  brale  indentation  test  for  film 
adhesion  is  presented  in  which  film  decohesion  is  driven  by  uplift 
displacement  of  the  substrate..  Trends  in  interface  toughness  are 
predicted  as  a  function  of  the  substrate  displacement,  crack  length,  and 
film  thickness.  Additional  work  is  needed  to  refine  the  model  for  the 
axisymmetric  geometry,  and  provide  values  of  the  displacement,  A. 
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Fig.  1  Optical  mictograph  of  a  brale  indentatton  at  1 00  Kg  load  of 
diamond  deposited  on  WC/Co. 


BralA  Indentar 


Fig.  2  Schematic  of  braie  indentation  with  upiift  dispiacement 
near  the  indenter. 


Fig.  3  Schematic  of  CXireimoff  anaiysis  of  film  decohesion  with  uplift 
displacement  causing  mode  i  ioading. 
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r 


Crack  Length,  a/h 


Fig.  4  T rends  in  interface  toughness  with  uplift  displacement  and 
crack  length. 
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ABSTRACT 

Adhaalon  between  diamond  films  synthesized  by 
a  eVD  method  and  tungsten  has  been  Investigated  by 
pull  testing  method.  Diamond  films  have  been 
deposited  at  temperatures  from  1173  to  1323  K  with 
a  growth  rate  ranging  from  0.2  to  0.45  p m/hour. 
The  films  are  highly  crystalline  and  are  dominated 
by  (100)  faces  at  low  temperatures,  changing  to 
(111)  at  higher  temperatures.  Grain  size  and 
residual  stress  in  the  films  increase  with 
increasing  deposition  temperature.  x-ray 
diffraction  shows  the  expected  diamond  diffraction 
pealcs  plus  peaks  at\:ributed  to  NC  and  W-c.  Raman 
spectroscopy  shows  a  sharp  diamond  band  for  all  of 
the  films,  with  a  small  broad  peak  attributed  to 
amorphous  carbon.  There  is  no  distinct 
correlation  between  diamond/amorphous  carbon 
Intensity  with  deposition  temperature.  Sebastion 
pull  testing  shows  that  the  failure  mode  of  the 
films  correlates  with  deposition  temperature,  but 
specific  adhesion  strength  values  do  not. 


INTRODDCTION 

Chemically  vapor  deposited  pojycrystalllne  diamond  films 
are  potential  candidates  as  wear  resistant  coatings  on 
cutting  tools,  bearings  and  other  high  wear  surfaces.  A 
pra-reguislte  in  this  regard  is  good  adhesion  between  the 
diamond  film  and  the  substrate,  because  any  protective 
coating  is  useful  only  as  long  as  it  adheres  to  the 
substrate.  Despite  its  importance,  the  adhesion  of 
diamond  films  to  various  substrates  has  received  only 
limited  interest  in  the  past  (1-5) .  An  understanding  of 
the  adhesion  of  diamond  films  to  substrate  materials  and 
bow  it  can  be  Improved  is  of  considerable  importance. 
This  paper  deals  with  the  measurement  of  adhesion  of 
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CVD  diamond  films  and  its  oorralations  with  substrata 
tamparatura,  growth  rata  and  film  oharaotaristios.  Such 
oorralations  ara  naoassary  to  arriva  at  soma  ganaral  guida- 
linas  for  aynthasising  good  quality  diamond  films  at  high 
growth  ratas  and  with  good  adhasion. 


EXPERIMENTAL 

Diamond  films  wars  dapositad  on  a  22  mm  diamatar  area  on 
25  X  25  X  1.6  mm  polyorystallina  tungstan  substratas  from 
gas  mixturas  by  a  hot  filamant  assistad  CVD 
tachnfqua  in  a  ball  jar  systam,  using  tungstan  ribbon 
filamants  (0.762  mm  wida  by  0.0762  mm  thick).  Tha  films 

wars  praparad  at  1173/  1223,  1273  and  1323  K.  All  othar 

daposition  paramatars  wara  kapt  constant:  filament 
tamparatura  =  2273  K,  system  pressure  s  30  torr,  gas  flow 
rata  s  100  seem,  CH^  content  of  the  input  gas  =  0.5%  by 
volume,  distance  between  tha  filamant  and  tha  substrate  =  5 
mm.  Prior  to  deposition  tha  substrates  ware  polished  down 
to  5  ym  size  alumina  powder,  ultrasonically  cleaned  with 
methanol  and  seeded  by  soratching  tha  tungstan  with  43  ym 
diamond  powder.  Typical  film  thickness  ranged  from  5  to 
10  ym. 

Tha  films  ware  oharaotarizad  with  regard  to  morphology 
by  scanning  electron  microscopy  (8EH) ,  structure  by  Raman 
spectroscopy,  crystallinity  and  residual  stress  by  x-ray 
diffraction  and  adhesion  by  tensile  pull  testing.  Raman 
spectra  were  taken  from  a  2  mm  by  0.1  mm  area  of  the  sample 
using  both  tha  514.5  nm  and  tha  457.9  nm  lines  of  an  argon 
ion  laser  with  a  monochromator  resolution  of  6  cm~^.  The 
tensile  pull  adhesion  testing  was  performed  with  a  Quad 
Group  sebastion  tester  using  3.175  mm  diameter  studs.  The 
epoxy-bonded  studs  were  cured  at  423  K  for  1  hour  after 
mounting  on  the  samples. 


RESULTS  AND  DISCUSSION 


Growth  Rate 

The  average  growth  ratas  in  terms  of  film  thickness  per 
unit  time  ware  measured  from  the  knowledge  of  the  weight 
gained  by  the  samples  during  the  deposition  period  (22.25 
hrs),  diameter  of  the  deposited  film  area  (2.22  cm)  and 
assuming  a  film  density  equal  to  bulk  diamond  (3.52  gm/co) . 
The  dependence  of  film  growth  rate  on  temperature  is  shown 
in  Fig.  1.  The  growth  rate  reaches  a  maxima  at  about  1223 
K.  The  apparent  aotivatlon  energy  upto  1223  K  is  95 
kJ/mols.  The  decline  in  the  growth  rats  beyond  this 
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tcmparatur*  may  ba  attrlbutad  to  tba  inoraasad  tharmal 
dasoxption  of  hydrogan  and  oarbonio  apaoias  at  tba  growth 
suxfaoa. 

Morphology 

Typical  aorphologlas  of  diamond  films  aynthasixad  at 
diffarant  substrata  tamparaturas  ara  shown  in  Fig.  2.  At 
1173  K  tha  film  is  dominatad  by  (lOO)  surfacas  and  tha 
orystallitaa  ara  rathar  small.  At  1223  K,  tba 

pradominant  morphology  is  still  cubic,  bowavar  tha 
individual  grains  ara  ralativaly  largar.  At  1273  K,  (111) 
surfacas  bagin  to  appaar.  At  1323  X  tha  film  is  dominatad 
by  ootahadral  faoas.  cubo-ootahadra  can  also  ba  saan. 

Structura 

X-ray  diffraction  maasuramants  indioatad  tha  prasanoa  of 
all  thraa  diamond  paaks,  (111),  (220)  and  (311)  in  tha  26 
ranga  aoannad.  An  Intarnal  standard  was  usad  to  maasura 
tba  praoisa  paak  positions.  Mo  shift  in  tha  positions  of 
tha  paaks  was  obsarvad.  Signals  from  non-diamond  carbon 
phasas  wara  not  obsarvad.  X-ray  diffraction  howavar,  did 
indioata  tha  prasanoa  of  wc  and  V2C. 

Kaman  spectra  of  tha  diamond  films  ara  prasanted  in 
Fig.  3.  Tha  peak  intansltias  ara  normalised  with  respect 
to  tha  broad  band.  All  samples  show  a  good  sharp  diamond 

band  at  1333  om~^.  For  all  of  tbs  samples,  this  band  is 

broader  and  shifted  to  higher  wavenumber,  relative  to  a  gem 
quality  natural  diamond  standard.  Tha  broadening  is  most 
likely  a  rasult  of  non-uniform  strain  in  the  deposited 
diamond  films.  Tha  shift  in  tha  paak  is  probably  due  to  a 
shortening  of  the  bond  length,  relative  to  the  diamond 

standard,  as  a  rasult  of  oomprassivs  stresses  in  the  film. 

Tha  broad  band  near  1550  om~^  represents  an  amorphous  type 
carbon.  These  affects  ara  in  agreement  with  tba  x-ray 
diffraction  results  presented  below.  The  ratio  of  tha 
intensity  of  the  diamond  band  relative  to  tba  amorphous 
carbon  band  varies  with  tha  sample  and  substrate  tempera¬ 
ture  and  is  summarised  in  Table  1  for  two  sets  of  samples. 
It  can  ba  seen  that  there  is  a  large  difference  from  sample 
to  sample  that  overshadows  tba  differences  as  a  function  of 
temperature.  This  diffaranoa  between  rapaat  samples  is 
largest  at  each  of  tha  temperature  extremes;  much  closer 
values  ara  obtained  for  the  intermediate  temperatures. 

Residual  Stress 

Diamond  films  produced  by  the  CVD  process  on  any 
substrata  ara  under  strain  due  to  a  variety  of  reasons. 
The  strain  is  either  uniform  or  non-uniform.  In  terms  of 
x-ray  diffraction  patterns,  each  type  of  strain  has  a 
distinct  affect.  Uniform  strain  causes  a  shift  in  peak 
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TabI*.  1  Ratio  of  tha  intansity  in  tha  Raman  diamond  band 
ralatlva  to  tha  Intanaity  in  tha  amorphous  oarbon  band  as  a 
function  of  daposltion  tamparatura,  using  tha  457.9  nm 
lasar  lina.  Valuas  ara  raportad  for  two  dlffarant  sat**  of 
samples. 

Tamparatura  iSl  Diamond/hmorphous  S 


1  1173  13.5 

2  1173  5.1 

3  1223  3.6 

4  1223  4.3 

5  1273  8.2 

6  1273  5.8 

7  1323  18.4 

8  1323  2.2 

positions.  Sinca  no  shift  was  obsarvad,  tha  strain  in  the 
films  is  not  uniform.  Hon-uniform  strain  lands  to  peak 


broadening.  Broadening  is  also  caused  by  fine  particles 
in  tha  film  (-<0.1  urn)  and  tha  instrument  itself.  In  all 
films>  partlelas  ara  larger  than  O.l  urn.  So  measured 
peak  widths  have  no  oontribution  from  particle  size 
affect.  Instrument  assisted  broadening  was  assumed 
negligible.  Therefore,  measured  peak  widths  (full  width  at 
half  maximum)  ara  attributed  to  non-uniform  strain  alone. 
Non-uniform  strain  was  oaloulatad  from  peak  width  and  peak 
position  data  utilizing  standard  proosdura  (6).  Since  tha 
films  had  different  thicknesses,  the  measured  strain  values 
ware  normalized  with  respect  to  thickness.  The  data  is 
presented  in  Fig.  4  as  a  function  of  substrate  temperature. 
The  strain  in  the  films  increases  with  substrate 
temperature.  The  higher  thermal  expansion  of  tungsten 
relative  to  diamond  causes  the  films  to  be  in  compression 
once  the  samples  are  cooled  down  to  room  temperature. 

Adhesion 

scratch  adhesion  testing  was  used  at  first  to  measure 
adhesion.  The  tests  produced  clear  acoustic  emission  of 
the  failure  of  the  diamond  film.  However,  reproducible 
and  quantifiable  critical  normal  loads  could  not  be 
obtained  because  of  extensive  damage  to  the  Rockwell  C 
diamond  stylus.  The  previous  successful  results  for 
diamond  on  silicon  (4)  were  obtained  with  thin  diamond 
films  (2.5  iim)  oonslsting  of  a  very  small  grain  size  (< 
100  nm) .  The  present  films  are  much  thicker  and  have  a 
much  larger  grain  size,  with  sharp  faceted  features. 
Therefore  an  alternative  Sebastion  pull  testing  technique 
was  used  to  test  the  adhesion  of  the  diamond  film.  This 
testing  showed  three  distinct  failure  modes  of  the  film. 
The  first  failure  mode  resulted  in  a  clean  pull  of  the  film 
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from  tho  opoxlod-stud  aurfao*  aroa,  laavlng  a  circular  area 
of  tha  aubatrata  fraa  of  tba  diamond  film.  Thla  typa  of 
failure  mode  waa  obaarvad  moat  often  for  tha  fllma 
dapoaltad  at  tha  lower  tamparaturaa .  Aa  the  temperature 
waa  Inoraaaad/  tha  amount  of  film  pulled  fraa  of  tba  aampla 
daoraaaad,  leaving  aubatrata  araaa  wbloh  had  only  partial 
removal  of  tha  film.  At  tha  hlghaat  tamparaturaa,  a  aaoond 
failure  mode  waa  typically  obaarvad,  wbloh  raaultad  In  only 
vary  amall  apota  of  tha  film  being  removed.  Thla  range  of 
film  removal  la  llluatratad  In  tha  pbotographa  In  Fig.  5. 
In  Figure  5(a),  tha  olroular  dark  area  In  tba  canter  sbowa 
where  tha  diamond  film  haa  bean  oomplataly  removed  from  the 
aubatrata.  The  light  raglona  aurroundlng  tba  center  aona 
show  araaa  where  tba  diamond  film  baa  delaminated  from  tba 
aubatrata,  but  haa  not  bean  removed.  Tha  other  panels  of 
Figure  5  ahow  tha  decreasing  areas  of  film  removal  as  the 
deposition  temperature  la  Inoreased.  In  Figure  5(d),  It 
oan  be  seen  that  only  very  small,  limited  portions  of  the 
film  have  been  removed  from  the  substrate.  A  small,  number 
of  the  samples  exhibited  a  third  failure  mode  which  result¬ 
ed  In  total  delamination  of  almost  the  whole  diamond-film 
coated  area  from  a  single  adhesion  pull  test.  The  samples 
exhibiting  this  total  delamination  did  not  share  a  common 
deposition  temperature,  film  thickness  or  diamond/amorpbous 
carbon  Raman  Intensity,  suggesting  that  poor  surface  prepa¬ 
ration  may  be  the  problem  with  the  few  samples.  The 
measured  film  adhesion  ranges  from  1.8  x  10^  Pa  to  >  7.0  x 
10'  Pa  and  does  not  appear  to  correlate  with  deposition 
temperature,  film  thickness  (growth  rate) ,  or  the 
diamond/amorphous  carbon  Raman  Intensity.  in  fact,  the 
variation  in  the  adhesion  values  from  one  location  to 
another  on  a  single  sample  far  outweighs  the  differences 
observed  from  sample  to  sample.  This  adhesion  data  is 
summarised  In  Table  2. 

Table  2.  Adhesion  testing  values  as  a  function  of 
deposition  temperature.  Values  are  reported  for  two 
different  sets  of  samples.  The  multiple  adhesion  values 
listed  for  each  row  of  the  table  result  from  multiple  pull 
tests  on  the  same  sample,  in  the  order  that  the  repetitive 
tests  were  performed. 


eawElv 

Temoerature  (K) 

Adhesion  Values  (Pa  x  lo' 

1 

1173 

delaminated 

2 

1173 

31.0 

454.4 

46.9 

3 

1223 

111.7 

347.5 

4 

1223 

17.9 

695.0 

58.6 

5 

1273 

466.8 

126.2 

704.6 

6 

1273 

83.4 

552.3 

7 

1323 

638.4 

670.2 

314.4  45 

8 

1323 

619.8 

705.3 
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SUMMAKY 


Tamparatura  dapandanoa  of  film  growth  rata  axhiblt 
parabolic  bahavior  with  a  maxima  at  1223  K.  Tha  films  ara 
domiaatad  by  (100)  surfaoas  at  low  tamparaturas  and  ohanga 
to  (111)  aurfaoas  as  tha  tamparatura  inoraasas.  Tha  ratio 
of  tha  diamond  to  amorphous  oarbon  intansitias  as  maasurad 
by  Raman  spaotrosoopy  do  not  appaar  to  ba  a  strong  function 
of  tha  daposition  tamparatura.  Tha  rasidual  strass  in 
diamond  films  inoraasas  as  tha  daposition  tamparatura 
inoraasas.  Sabastion  adhasion  tasting  shows  that  tha 
failura  moda  of  tha  films  varias  with  daposition 
tamparatura.  Tha  amount  of  film  ramoval  ovar  tha  surfaoa 
araa  of  tha  stud  daoraasas  with  inoraasing  tamparatura. 
No  strong  oorralations  of  adhesion  strength  with  daposition 
tamparatura/  film  thioicness,  residual  strass/  or 
diamond/amorphous  carbon  ir'tansity  have  been  observed. 
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Rantn  Shift,  ca" 


Pig.  3  Reunan  spectra  of  diamond  films  with  intensity 
of  each  spectrum  normalised  to  the  broad 
band  peak  near  1550cm“l 


Substrate  Ibmperature(K) 

Fig.  4  Strain  in  the  films  versus  substrate 
temperature 
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Fig. 5  photographs  of  typical  Sebastion  Pull-teating 

scars  from  films  deposited  at  (a)  1173K  (b)  1223K 
(c)  1273K  and  (d)  1323K 


EXCIMER  LASER  ETCHING  AND  POLISHING  OF  DIAMOND  FILMS 
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Diamond  films  of  various  microstructures  were  prepared  on  W 
substrates  by  arc-discharge  plasma  CVD  at  different  tempera¬ 
tures.  The  films  were  irradiated  with  KrF  excimer  laser  pulses  of  flu- 
ences  1  -  9  J/cm^.  The  irradiation-induced  surface  modification  and 
etching  of  the  films  were  studied.  Etch  rates  between  10  and  300 
nm/pulse  were  measured.  During  etching  the  surface  roughness 
was  observed  to  diminish  by  an  order  of  magnitude.  However,  both 
the  etching  and  polishing  properties  of  the  films  depended  on  their 
growth  conditions.  The  results  indicate  that  etching  is  correlated 
with  the  purity  of  the  films  while  polishing  is  limited  by  the  grain  size 
and  growth  morphology.  In  the  case  of  pronounced  columnar 
microstructures  there  was  a  particular  distinctive  polishing  process. 
Smoothening  and  roughening  processes  were  observed  to  occur 
simultaneously. 


The  benefits  of  using  poiycrystalline  diamond  films  (DF)  for  applications  in 
microelectronics  and  optics,  as  hard  coatings,  substrates  and  other  purposes 
are  apparent.  For  the  realization  of  such  applications  it  is  necessary  to  develop 
methods  for  machining  of  the  DF  surfaces.  The  UV  radiation  of  excimer  'asers 
has  been  demonstrated  to  be  an  effective  means  for  the  micro-chemical  dry 
etching  of  natural  diamond  (1)  and  DF  (2).  Etch  rates  as  high  as  300  nm/pulse 
with  pulse  repetition  rates  up  to  40  Hz  were  reported.  This  must  be  compared 
with  the  200  nm/min  achieved  with  alternative  ion  etching  (3).  Furthermore,  the 
laser  induced  etching  was  found  to  diminish  simultaneously  the  surface  rough¬ 
ness.  Excimer  lasers  have  therefore  been  considered  as  a  valuable  tool  for  the 
polishing  of  DF  (2).  In  this  paper  we  study  processes  and  effects  mduced  by 
KrF  laser  irradiation  of  diamond  t'lms.  Films  were  prepared  unbar  different 
deposition  conditions  resulting  in  a  variety  of  mirrostructures.  We  begin  with  the 
microstructural  characterization  of  the  DF.  We  then  present  results  of  laser  in¬ 
duced  etching  and  polishing,  and  discuss  the  dependence  of  these  processes 
on  the  microstructures. 
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Polycrystalline  diamond  fiims  of  thickness  20  -  30  iim  were  grown  from  a 
methane  hydrogen  mixture  on  W  substrates  by  use  of  the  dc  discharge  plasma 
CVD -technique.  The  deposition  temperature  was  varied  by  heating  the  sub¬ 
strates  to  900, 1050, 1150,  and  1200  °C.  All  other  deposition  parameters  were 
kept  constant.  The  methane  concentration  was  3%  and  the  deposition  gas 
pressure  100  Torr. 

The  deposited  DF  were  irradiated  in  air  with  15  ns  pulses  from  a  KrF 
excimer  laser  (X  =  248  nm).  The  laser  radiation  was  apertured  and  slightly  fo¬ 
cused  onto  the  DF  surface  to  form  uniform  spots  of  size  (60  x  120)  pm^.  Each 
spot  was  irradiated  wth  1  to  1000  pulses  at  fluences  ranging  from  1  to  9  J/cm^. 
The  repetition  rate  was  kept  sufficiently  low  (1-10  Hz)  in  order  to  exclude  any 
thermal  interference  of  subsequent  pulses.  The  photon  energy  of  KrF  (5  eV)  is 
slightly  lower  than  the  band  gap  of  diamond  (5.4  eV).  Absorption  is  therefore  via 
non-diamond  impurities  and  at  high  fluence  via  noniinear  effects. 

The  DF  were  anaiyzed  before  and  after  laser  irradiation  using  scanning 
electron  microscopy  (SEM)  and  thin  film  x-ray  diffractometry  (Cu  Kai).  Micro- 
probe  Raman  spectra  were  taken  in  the  range  from  1200  to  1700  cm-i  with  an 
accuracy  of  1  cm-T  Excitation  was  by  means  of  the  488  nm  line  of  an  argon  ion 
laser.  The  probe  spot  size  was  2  pm.  The  low  power  of  about  2  mW  at  the  sam¬ 
ple  surface  ruled  out  any  laser  effects  on  the  films.  Surface  profiles  were 
recorded  using  a  styius  profilometer  with  a  dia.nnond  tip  of  radius  1  pm. 


The  SEM  anaiysis  showed  that  DF  grown  below  1200  OC  consisted  of  par¬ 
tially  twinned  particles..  The  particle  sizes  were  between  5  pm  (deposition  at 
900  OC)  and  10  pm  (1050  OC).  Planar  octahedral  and  cube  faces  were  visible. 
The  DF  deposited  at  1200  °C  showed  plate-like  particles  of  widely  varying 
sizes  (0.5  - 10  pm)  impiying  a  dominant  (100)  morphology.  Cross  sections  re¬ 
vealed  a  columnar  growth  type.  The  speckled  contrast  of  the  flat  faces  (which 
was  also  faintly  visible  at  900  °C)  marked  the  presence  of  graphitic  impurities. 
We  conclude  that  the  best  quality  DF  with  the  larges*  and  most  perfect  grains 
resulted  near  1050  while  the  least  quality  was  achieved  at  1200  OC. 

The  x-ray  diffraction  pattern  of  a  film  grown  at  1050  is  shown  in  Fig.  1 .  It 
is  dominated  by  the  diamond  peaks.  The  peaks  due  to  the  W  substrate  are  also 
visible.  All  other  peaks  can  be  attributed  to  (WC)2H  and  (■vV2C)120.  It  substanti¬ 
ates  the  formation  of  an  interfacial  carbide  layer  in  *he  beginning  of  the  deposi¬ 
tion  process.  The  positions  of  the  diamond  peaks,  though  slightly  shifted  with 
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respect  to  those  of  diamond  powder,  did  not  obviously  depend  on  deposition 
temperature.  The  relative  intensities,  however,  did  depend  on  the  growth  condi¬ 
tions,  revealing  a  change  in  growth  morphology.  The  line  intensities  of  DF 
grown  at  900  °C  were  similar  to  the  standard  pattern  of  diamond  powder.  Only 
the  (220)  line,  being  somewhat  too  intense,  reflected  a  slight  deviation  from 
random  crystal  orientations.  The  (111)  line  increased  with  deposition  tempera¬ 
ture  indicating  that  the  growth  tendency  changed  from  (110)  to  (111)  morphol¬ 
ogy.  The  OF  grown  at  1200  °C  displayed  an  exceptionally  strong  (400)  line, 
implying  a  marked  (100)  morphology.  In  comparison  with  the  pattern  shown  in 
Fig.  1,  some  DF  grov/n  at  1200  exhibited  a  weak  and  broad  additional 
diffraction  line  identified  as  the  100%  line  of  graphite  structures.  The  presence 
of  a  substantial  fraction  of  non-diamond  carbon  phases  in  such  films  was  also 
evidenced  by  Raman  spectroscopy. 

In  Fig.  2  are  presented  the  Raman  spectra  of  OF  grown  at  1050  (a)  and 

1200  °C  (b).  Both  spectra  display  the  diamond  line  (at  1327.4  and  1324.5  cm'f , 
respectively)  superimposed  on  a  rising  background.The  background  is  due  to 
photoluminescence  arising  from  lattice  defects  and  impurities.  It  was  approxi¬ 
mated  by  a  quadratic  polynomial,  allowing  better  discrimination  of  the  other 
components  of  the  Raman  spectra.  Broad  bands  centered  at  1350  and 
1570  crn'i  (b)  reveal  the  presence  of  microcrystalline  graphite  and  forms  of  dis¬ 
ordered  carbon  in  DF  grown  at  1200  °C  -  in  agreement  with  the  x-ray  data. 
Films  grown  at  lower  temperatures,  on  the  other  hand,  showed  only  a  faint 
band  around  1580  crn'T 

The  shifts  of  the  diamond  lines  to  lower  wavenumbers  with  reference  to  the 
1332  cm'f  standard  line  position  can  be  attributed  to  tensile  stresses  in  the  DF 
of  the  order  of  2  GPa  (4).  In  contrast,  a  precise  analysis  of  the  x-ray  patterns 
revealed  that  the  diamond  lattice  constants  were  smaller  than  that  of  natural 
diamond  by  0.075  -  0.2  %.  Using  the  elastic  moduli  of  diamond  such  contrac¬ 
tions  imply  compressive  stresses  of  the  order  1  -  2  GPa.  These  opposing  re¬ 
sults  can  be  reconciled  if  it  is  assumed  that  the  bulk  of  the  DF  (seen  by  x-rays) 
is  under  compressive  thermal  stress  while  the  surface  (examined  by  Raman 
spectroscopy)  is  under  tensile  growth  stress.  It  was  recently  shown  that  DF  may 
in  fact  grow  under  tensile  stress  (5).  During  cooling  after  growth  a  thermal  strain 
is  generated  due  to  the  misfit  of  the  thermal  expansion  coefficients.  The  expan¬ 
sion  coefficient  of  diamond  (3- 10  ®)  is  lower  than  those  of  W  and  WC  (both 
about  4.9-10'®)  causing  a  compressive  stress  of  the  order  of  2  GPa  when 
cooled  by  1000  OC.  While  the  thermal  stresses  mainly  develop  in  the  interface 
region  and  the  bulk,  it  is  likely  that  the  tensile  growth  stresses  survive  at  the 
surface. 
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The  Raman  spectrum  shown  in  Fig.  2(c)  is  from  the  same  DF  as  that  of  Fig. 
2(a)  after  irradiation  with  200  pulses  of  7  J/cm2.  The  characteristic  diamond 
line  has  disappeared.  Instead  there  are  the  two  broad  bands  centered  at  1360 
and  1570  uirr".  These  show  that  the  irradiated  surface  is  covered  by  a 
microcrystalline  graphite  layer.  When  heated  in  air  this  layer  sublimes.  The  re¬ 
sults  are  strong  evidence  in  favor  of  the  two-stage  process  recently  proposed 
for  laser  etching  (1).  The  laser  irradiation  first  induces  a  diamond  to  graphite 
conversion  in  a  depth  of  the  order  100  -  200  nm.  Once  formed,  the  graphite 
layer  strongly  absorbs  the  incident  radiation,  heats  up  and  sublimes. 

For  the  determination  of  etch  rates  the  OF  were  irradiated  with  different 
numbers  of  laser  pulses  at  various  fluences.  The  etched  depths  were  deter¬ 
mined  with  the  profilometer.  At  constant  laser  fluence  they  were  found  to  in¬ 
crease  linearly  with  the  number  of  laser  pulses.  The  etch  depth  divided  by  the 
number  of  laser  pulses  was  taken  to  represent  the  etch  rate.  In  fact  the  etched 
depths  varied  slightly  across  the  irradiated  area  because  the  laser  beam  shape 
was  not  perfectly  uniform.  However,  etch  rates  were  identical  whether  deter¬ 
mined  by  taking  the  maximum  depth  or  an  average  depth  inferred  from  the  re¬ 
moved  volume.  The  etch  rates  as  a  function  of  laser  fluence  for  the  various 
films  are  presented  in  Fig.  3.  At  higher  fluences,  linear  fits  serve  as  a  guide  to 
the  eyes.  It  is  seen  that  the  etch  rates  at  constant  fluence  are  lowest  for  DF 
grown  at  1050  and  1150  OC.  The  extrapolation  of  the  curves  to  zero  etch  rate 
gives  an  estimate  for  the  threshold  fluences  of  etching.  Though  the  curves  do 
not  extend  linearly  into  the  low  fluence  regime  -  rather,  they  are  the  sum  of 
Arrhenius-type  functions  -  a  rough  estimate  of  the  thresholds  leaves  no  doubt 
about  their  variation  with  deposition  temperature.  The  threshold  is  lowest 
(below  1.2  J/cm2)  for  DF  grown  at  the  highest  temperature.  For  films  grown  at 
900  OC,  graphite  formation  but  no  etching  occurred  at  1 .4  J/cm^.  The  related 
threshold  therefore  is  between  1.4  and  1.8  J/cm^.  The  lower  bounds  for  the  DF 
grown  at  1050  and  1150  are  1.8  and  2.3  J/cm^  respectively.  In  summary, 
the  higher  quality  DF  have  higher  thresholds  and  lower  etch  rates,  in  line  with 
this,  type  IIA  monocrystalline  diamond  exhibits  even  higher  thresholds  and 
lower  etch  rates  (1). 

The  results  suggest  that  the  laser  induced  etching  is  limited  by  tlie  purity  of 
the  DF.,  On  the  basis  of  the  two-stage  model  for  etching  it  is  conceivable  in¬ 
deed  that  the  non-diamond  material  contained  in  the  DF  governs  the  etching 
behavior.  Absorption  is  similar  for  all  DF  as  well  as  the  diamond  due  to  the  sur¬ 
face  graphite  layer.  The  diffusion  of  the  generated  heat,  on  the  other  hand,  is 
limited  by  the  thermal  conductivity  of  the  sub-surface  material.  The  thermal 
conductivity  of  microcrystalline  and  disordered  carbon  phases  is  significantly 
lower  than  that  of  diamond.  It  therefore  is  highest  for  the  single-crystal  dia- 
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mond,  and  it  is  higher  for  purer  OF  obtained  at  1050  and  1150  *^0  than  for 
those  grown  at  900  and  1200  °C.  A  higher  conductivity  means  a  lower  rise  of 
surface  temperature  at  a  constant  fluence.  This  explains  the  variation  of  the 
thresholds  for  etching  as  a  higher  fluence  is  required  to  heat  the  graphite  sur¬ 
face  to  its  sublimation  temperature.  It  also  implies  that  the  duration  and  hence 
the  rate  of  sublimation  is  lower  as  the  heat  is  extracted  more  rapidly  from  the 
graphite  layer. 


Surface  profiles  of  a  film  grown  at  900  °C  are  shown  in  Fig.  4.  The  upper 
trace  is  from  the  non-irradiafed  surface.  The  lower  trace  is  taken  across  an  irra¬ 
diated  spot.  A  significant  flattening  of  the  irradiated  surface  is  evident.  In  the 
SEM  the  irradiated  surface  appeared  homogeneous  and  smooth.  The  origin  of 
the  smoothing  process  is  not  yet  clear.  Possible  mechanisms  resulting  in 
polishing  during  laser-induced  solid  state  evaporation  are  discussed  in  Ref.  6. 

We  quantify  the  roughness  in  terms  of  the  roughness  parameter  Rg.  For 
the  determination  of  Rg  we  limited  the  bandwidth  of  the  surface  profile  data  by 
means  of  Fourier  methods.  Spatial  periods  larger  than  50  pm  were  discarded. 
This  left  the  profiles  of  the  virgin  surface  unchanged  while  some  waviress  of 
the  irradiated  surface  due  to  the  non-uniformity  of  the  laser  beam  was  largely 
removed.  For  the  virgin  surfaces  Rg  parameters  in  the  range  of  0.5  -  0.65  pm 

(deposition  at  900  OC),  0.9  - 1.05  pm  (1050  OC),  0.65  -  0.8  pm  (1150  OC),  and 
0.5  - 1  pm  (1200  OC)  were  deduced.  The  values  simply  correlate  with  the  grain 
sizes  and  their  distribution.  The  true  roughness  of  the  non-irradiated  surfaces 
is  slightly  underestimated  because  there  are  narrow  cracks  between  the  grains 
which  are  not  fully  resolved  by  the  profilometer. 

An  inverse  relationship  between  the  Rg  parameter  and  the  etched  depth, 
which  is  given  by  the  product  of  fluence  and  number  of  pulses,  was  found  for  all 
but  the  DF  grown  at  1200  OQ.  The  Rg  parameter  decreased  at  a  steadily  lower 
rate  with  increasing  etch  depth  At  an  etch  depth  of  the  order  of  10  pm  the 
polishing  process  virtually  terminated.  The  Rg  parameter  changed  only 
marginally  with  further  etching.  It  suggests  that  a  minimum  depth  of  the  order  of 
the  particle  size  must  be  etched  to  achieve  the  smoothest  surface.  Rg  values  of 

0.1  -  0.12  pm  (deposition  at  900  oC),  0.14  -  0.2  pm  (1050  oC),  and  0.13  - 
0.17  pm  (1150  °C)  were  typically  obtained.  The  parameters  achieved  seem  to 
correlate  with  the  original  roughness,  i.e.  with  the  grain  size.  However,  further 
investigations  with  a  greater  variability  of  grain  sizes  are  required  to  clarify  and 
quantify  this  point. 
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The  polishing  behavior  of  DF  grown  at  1200  OC  was  entirely  different. 
Rather  than  progressive  polishing  of  the  film  with  irradiation,  an  intermittent 
smoothening  and  roughening  process  was  observed.  The  roughness  parameter 
oscillated  between  0.15  and  0.3  pm.  This  behavior  is  likely  to  be  related  to  the 
particular  growth  morphology.  In  DF  of  columnar  (100)  morphology  the  inter- 
columnar  spacing  is  filled  with  non-diamond  material  (7).  This  material  is  prefer¬ 
entially  etched.  Because  of  the  preferential  etching  there  is  no  uniform  lateral 
polishing.  Because  there  are  several  rows  of  columns  there  is  also  no  uniform 
polishing  through  the  film.  This  irregular  polishing  leads  to  the  oscillatory 
smoothening/roughening  procedure. 


In  conclusion  we  have  found  that  KrF  excimer  laser  induced  dry  etching 
and  polishing  of  polycrystalline  diamond  films  is  dependent  on  their  microstruc¬ 
tures  which  are  related  to  the  conditions  of  deposition.  Etching  was  observed  in 
all  films  Investigated.  The  process  involves  a  diamond  to  graphite  phase  trans¬ 
formation  followed  by  sublimation.  Etch  rates  increase  with  laser  fluence.  Both 
the  rate  and  threshold  of  etching  are  related  with  the  purity  of  the  diamond 
films.  The  purer  the  films  the  higher  the  thresholds  and  the  lower  the  rates.  Du  - 
Ing  etching  down  to  a  depth  of  the  order  of  a  particle  size  the  surface  rough¬ 
ness  decreased  progressively  by  an  order  of  magnitude.  The  final  smoothness 
achieved  seems  to  depend  on  the  original  grain  size.  An  oscillatory  behavior 
rather  than  continued  polishing  was  found,  however,  in  case  of  a  pronounced 
(100)  columnar  growth  morphology.  This  may  be  rationalized  by  the  spatially 
inhomogeneous  chemical  and  physical  properties  pertinent  to  such  a 
microstructure. 

This  work  was  partly  supported  by  the  Swiss  Commission  for  the 
Encouragement  of  Scientific  Research. 
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Fig.  1  X-ray  diffraction  pattern  of  a  DF  grown  at  1050  ^C.  The  diamond  peaks 
are  labelled. 


Fig.  2  Microprobe  Raman  spectra  of  DF..  (a),  deposition  at  1050  OC;  (b),  depo¬ 
sition  at  1200  °C;  (c),  same  as  (a)  after  laser  irradiation.  The  broken 
curves  approximate  the  photoluminescence  background. 
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Fig.  4  Surface  profiles  of  a  DF  grown  at  900  OC.  Top:  non-irradiated  surface, 
Rg  =  0.6  pm.  Bottom;,  across  an  irradiated  spot  with  Rg  =  0.1  pm. 
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ABSTRACT 

Polycrystallinc  CVD  diamond  films  were  fluorinated  by  direct  fluorination 
and  plasma  techniques.  SEM  tribomeo^  and  surface  chemical  analysis  were 
performed  to  characterize  the  thin  fluorine-absorbate  layers  generated  on  the 
diamond  films  by  (a)  high  temperature  and  UV-assisted  F2  gas  and  (b) 
CF4/Ar  plasma  treatments.  Direct  fluorination  achieved  only  partial 
coverage  and  did  not  result  in  significant  chemical  reaction  between  fluorine 
and  carbon.  No  polytetrafluoroethylene  (PTFE)-likc  [•(CF2)-]n  bonds 
could  be  found  on  the  surfaces.  The  SEM  tribometer  test  data  inicated  that 
direct  fluorination  did  not  significantly  improve  the  tribological  behavior  of 
diamond;  plasma  fluorination  was  somewhat  more  promising.  The  more 
pronounced  tribological  enhancement,  in  terms  of  reduced  friction,  resulted 
from  mechanically  polishing  the  rubbing  surfaces  prior  to  testing  and  further 
run-in  of  the  mating  surfaces  during  testing. 


INTRODUCTION 

Chemically  vapor  deposited  (CVD)  polycrystalline  diamond  films  are  excellent 
candidates  for  use  in  harsh  tribological  environments  due  to  their  reported  hardness,  low 
wear  rate,  high  thermal  conductivity  and  inert  chemical  nature.  Furthermore,  the  potential 
applications  have  increased  dramatically  due  to  their  reported  superior  or  even  "Teflon- 
like"  frictional  behavior  (1,2).  Contrary  to  these  reports,  in  extreme  environments  where 
CVD  diamond  is  considered  most  promising,  the  frictional  behavior  may  be  far  from 
ideal.  In  high  temperature  vacuum  tests,  the  coefficient  of  friction  (COF)  of  CVD 
diamond  pairs  was  as  high  as  0.8  (3).  These  data  suggest  that  surface  modifications  are 
necessary  to  enhance  the  tribological  behaviw  before  diamond  can  be  used  successfully  in 
many  harsh  environments. 

Our  previous  SEM  tribometer  data  indicate  that  the  adhesion,  friction  and  to  some 
extent,  wear  of  diamond  at  high  temperatures  is  controlled  by  the  surface  chemistry  of  the 
exposed  crystallites  (3).  Desorption  of  surface  species  upon  heating  in  vacuum  under  the 
electron  beam  create  dangling  bonds  on  the  surfaces.  Mechanically,  dangling  bonds  are 
also  generated  when  the  respective  materials  are  sheared  tangentially  under  load.  If  these 
bonds  did  not  reconstruct  or  were  not  satisfied  (capped)  by  hydrogen  or  other  benign 
adsorbates,  then  they  interact  with  the  sliding  counterface  to  generate  high  (COF-  0.8) 
friction  forces.  Enhanced  <,.so^tion  of  such  adsorbates  (c.g.,  on  cooling  die  tribosystem 
in  the  relatively  hydrogen-rich  atmosphere  of  the  turbomolecular-pumped  SEM 
tribometer)  annihilates  unrecons^cted  dangling  bonds,  lowering  the  friction  (COF- 
0.1).  The  friction  trends  also  indicate  that  at  high  temperatures,  in  vacuum,  the  Action 
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may  also  become  reduced  by  graphidzation  and  by  bond  reconstruction  on  the  sliding 
suif^aces. 

In  light  of  the  large  effect  of  surface  chemistiy  on  the  tribological  behavior  of 
CVD  diamond,  the  objective  of  this  work  was  to  invesdgate  surface  modificadon 
techniques,  namely  polishing  and  fluorinadon,  which  would  enhance  the  inert  and 
tribochemically  stable  nature  of  the  CVD  diamond  Him  surface  in  a  wide  range  of 
environments.  The  effecdveness  of  fluorinadon  in  enhancing  tribological  behavior  was 
evaluated  by  the  following  techniques; 

1)  X-ray  photoelectron  spectroscopic  (XPS)  analysis  of  certain  samples  to 
determine  the  degree  of  [-^CF2)-]n  bonding  (if  any)  found  on  the  surface;  and 

2)  pin-on-flat  SEM  tribometry  to  measure  the  fncdon  values  of  the  fluorinated 
diamond  vs.  diamond  test  combinadons. 


SAMPLE  PREPARATION 

Direct  current  (DC)-CVD  diamond,  ~1.S  pm  thick  with  primarily  (111)  texture,  was 
deposited  on  polished  triboflats  of  bare,  polycrystalline  a-SiC,  single  crystal  silicon 
(100)  and  single  crystal  sapphire.  The  sapphire  was  coated  with  a  100  pm  Ti  primer 
layer  to  promote  adhesion  prior  to  diamond  deposidon.  The  second  side  of  each  a-SiC 
flat  was  coated  with  an  ~10  pm  thick  microwave  (MW)-CVD  diamond  film  of  similar 
texture.  This  thick  film  was  polished  in  air  (by  mechanical  means,  with  diamond  paste) 
to  a  -0. IS  pm  RMS  surface  finish.  The  hemispherically  tipped  piolyc^stalline  a-SiCT 
tribopin  (2  mm  dia.,  10  mm  long)  counterfaces  were  also  coated  with  either  an  ~1.S  pm 
DC-  or  ~10  pm  MW-CVD  diamond,  with  no  polishing  treatment.  After  the  diamond 
deposidon  and  mechanical  polishing  (where  tqiplicable)  was  completed,  the  samples  were 
fluorinated  by  one  of  the  following  techniques; 

•  direct,  high  temperature  fluorinadon  in  F2  gas;  340°  to  S30°C,  4  to  8  hours. 

•  UV-assisted  fluotinadun,  with  10  percent  F2  in  He;  2  hours. 

•  plasma  fluorinadon  in  3  to  10  percent  CF4  in  Ar  plasma,  1  to  3  hours. 

The  harmful  effects  of  fluorinadon  are  shown  in  Figure  1.  The  diamond  layers 
extensively  delaminated  from  the  majority  of  the  triboflats,  indicating  considerable 
substrate/diatnond  interface  attack  by  fluorine  through  the  microcracks  and  pinholes  in  the 
films.  Most  of  the  tribopin  dp  diamond  coatings  themselves  suffered  from  microcracking 
during  the  treatment,  although  gross  and  catastrophic  delaminadon  was  not  observed. 
Some  of  the  pins  were  still  usable,  microcracks  notwithstanding.  A  description  of  the 
fluorinadon  parameters  and  sample  combinadons  is  given  in  Table  1. 


The  SEM  photomicrographs  of  the  cracked  but  not  delaminated  diamond  on  the 
tip  of  the  a-SiC  pin  indicated  that  the  fluorinadon  process  may  have  indeed  weakened  the 
interface,  via  the  cracks.  The  best  explanation  for  diamond  film  delaminadon  from  the 
various  substrates  is  based  on  fluorine  attack  of  the  DLC-like  interfacial  layer  through 
cracks  and  pinholes  in  the  film  and  not  the  underiying  substrate  since  both  atomic  and 
molecular  fluorine  etches  sp2-bonded  carbon  components  in  dianxrnd  (4). 


366 


X-rav  Photoeicctron  Spectroscopic  fXPS)  Analysis 

Prior  to  the  tribotests,  XPS  analysis  of  one  fluorinated  diamond-coated  a-SiC 
triboflat  was  performed  on  Sample  B  described  in  Table  1.  For  comparison,  both  the 
polish^  (Side  1)  and  unpolished  (Side  2)  surfaces  were  analyzed.  We  looked  for  the 
characteristic  C  and  F  binding  energy  shifts,  which  might  indicate  PTFE-like  [-(CF2)n'] 
bonding  between  the  diamond  substrate  and  fluorine.  Note  that  the  binding  energy  of 
carbon  (Cls)  in  this  structure  would  be  just  below  292  eV;  the  equivalent  energy  of 
fluorine  ^Is)  is  close  to  689  eV. 


The  XPS  survey  of  the  unpolished  Side  1  (Figure  2)  showed  a  fluorine  (FIs) 
binding  eneigy  of  687,  below  the  characteristic  689  eV  binding  energy  of  the  [-(CF2)n"] 
structure.  The  meagn  8.9  percent  F  concentration  on  the  surface  dropped  to  3.82  percent 
after  a  IS  second  Ar  ion  etch,  indicating  ready  desorption.  There  was  sane  minitnal  shift 
of  the  binding  energy  peaks  of  the  carbon  peak  (Cls)  to  higher  eV  values  after  argon 
etching,  possibly  due  to  some  additional  C-F  bonding  induced  by  the  ion-etching  process 
itself. 


One  very  significant  observation  was  that  XPS  verified  the  presence  of  both 
oxygen  and  fluorine  on  the  polished  and  unpolished  fluorinated  diamond  surfaces.  In 
other  XPS  work,  it  was  seen  that  the  relative  amount  of  oxygen  decreases  linearly  with 
the  increase  in  fluorine  (5).  This  suggests  that  hydrogen  dimtly  bonded  to  carbon  may 
not  be  as  prominent  on  the  diamond  surface  as  previously  believed,  since  fluorine  should 
preferentially  attack  hydrogen,  relative  to  oxygen,  to  evolve  very  stable  HF.  In  that  case, 
there  would  be  no  obs^able  decrease  of  oxygen  as  the  fluorine  content  increased.  Also, 
there  was  no  reported  C-H  stretching  frequencies  around  2900  cm- 1  in  any  of  the  IR 
spectra,  unless  the  diamond  was  treat^  with  H2  in  some  fashion.  The  data  suggest  that 
oxygen  and  hydroxyl  groups  are  the  most  predominant  species  on  an  untreated  diamond 
surface.  Peebles  and  Po^  have  confin^  the  observation  that  hydrogen  is  not  as 
prevalent  there  as  originally  believed  (6).  They  reported  that  the  bulk  hydrogen  content  of 
these  films  is  as  low  as  I  to  3  atomic  percent,  with  near  surface  values  typically  only  1 
atomic  percent  higher  than  the  bulk.  These  fin^g  ate  extremely  significant,  espwially  in 
view  of  the  high  starting  friction  of  CVD  diamond  films  in  air,  at  room  temperature.  It  is 
suspected  that  the  oxidized  diamond  surface  attracts  moisture  to  a  certain  extent  by 
hyttogen  bonding  and  the  surface  is  different  from  the  bulk. 


The  XPS  results  on  the  polished  side  of  the  same  triboflat  confirm  the  substantive 
lack  of  reaction  between  C  and  F  (Table  2,  Figure  2b).  However,  there  are  some 
significant  differences  caused  apparently  by  the  polishing  of  diamond  prior  to 
fluorination: 


1.  Fluorine  was  present  in  greater  concentration  on  the  polished  side  (11.87 
percent)  compared  to  the  unpolished  side  (8.9  percent),  as  shown  in  Table  2. 

2.  The  oxygen  content  of  the  surface  was  also  far  greater  (20.01  percent)  than 
that  of  the  unpolished  surface  (6.94  p«rcent).  One  may  attribute  the  larger  F 
and  O  content  of  the  surface  to  activation  by  polishing. 


3 .  The  cast  iron  polishing  plate  transferred  some  Fe  to  the  diamond  which  must 
have  penetrat^  the  microcracks  indicated  by  the  increase  in  Fe  content  on  Ar 
etching. 


Fluorine's  unwillingness  to  react  with  the  diamond  surface  has  been  recently 
substantiated  by  Freedman  and  Stinespring's  research  (7).  They  fluorinated  diamond 
(100)  substrates  with  atomic  (F)  and  molecular  0F2)  fluorine  in  ultrahigh  vacuum  and 
found  that  (a)  atomic  fluorine  reacts  with  an  initisd  accommodation  coefficient  of  0.25  ± 
0.1  at  300K,  resulting  in  a  saturation  coverage  of  ~3/4  of  a  monolayer  stable  to  700K 
without  desorption,  and  (b)  molecular  fluorine  reacts  even  slower,  with  a  saturation 
coverage  of  less  than  1/S  monolayer,  even  at  the  exposure  temperanues  as  high  as  700K. 
In  addition  to  fluorine's  unwillingness  to  form  [-(CT2)n‘],  it  was  shown  by  Hauge,  et  al 
(5),  that  the  bond  strength  of  fluorine  to  carbon  was  only  incrementally  higher  than  that  of 
hydrogen  during  thermal  desoiption  studies. 


SEM  Tribometrv 

Hie  tribological  behavior  of  the  fluorinated  diamond  films  was  evaluated  using  an 
oscillating  pin-on-flat  tester.  The  test  apparatus,  a  specially  designed  Knudsen-cell-type 
tribometer  built  into  a  SEM,  is  described  elsewhere  (3).  The  data  are  recorded  and  stored 
by  VCR  and  a  computerized  data  acquisition  system.  The  procedure  was  similar  to  that 
previously  utilized  for  testing  as-de{^ited  diamond  films  (3, 8).  The  SEM  tribometer 
tests  were  performed  with  the  following  test  parameters:  a  50  g.  normal  load  (0.49  N) 
and  a  4.66  mm»s-l  oscillatory  speed  with  an  up-and-down  temperature  ramp  (850®CI 
maximum ).  The  tests  were  performed  in  1.33  X  10'^  Pa  (10'5  torr)  vacuum.  When  the 
samples  did  not  delaminate  rapidly,  the  tests  were  repeated  in  a  partial  pressure  air  (Pair) 
atmosphere  of  13.3  Pa  (0.1  torr). 

The  coefficient  of  friction  traces,  in  vacuum  and  Pair,  of  the  fluorinated-polished 
diamond  (Sample  B,  Side  2)  are  shown  in  Figure  3.  Similar  to  that  of  the  as-deposited 
surfaces  shown  in  Figure  4,  the  COF  of  fluorinated  diamond  also  increases  on  heating  in 
both  vacuum  and  in  Pair-  However,  due  to  the  high  shear  stresses  resulting  from  the 
increasing  COF  as  the  temperature  increased,  the  film  delaminated  from  the  substrate  (~ 
9(X)  cycles).  Once  delamination  occurred,  this  combination  became  diamond  versus  a- 
SiC.  The  rapid  increase  in  the  COF  during  heating  is  presumably  due  to  the  progressive 
desoiption  of  fluorine  (and  other  residual  adsorbates)  and  the  simultaneous  generation  of 
dangling  bonds,  similar  to  what  happens  hydrogen  desorption  from  the  as-deposited 
surfaces.  Spin-pairing  of  increasing  numbers  of  unreconstructed  dangling  bonds  on  the 
respective  contact  surfaces  results  in  higher  adhesive  friction  forces  (3). 


Generally,  in  Pair,  the  fluorine-desorbed  polished  diamond  exhibits  higher  friction 
than  the  unpolished,  as-deposited  sample.  One  exception,  however,  was  the  behavior  of 
the  polished-fluorinated  sample  at  room  temperature.  Interestingly,  the  equilibrium  OOF 
at  room  temperature  was  lower  (substantially  below  0.1)  and  less  variable  th.-'n  the 
unpolished,  as-deposited  films.  We  believe  that  the  initially  lower  COF  is  niainly 
attributed  to  the  worn-in  nature  (i.e.,  progressively  smoother  surface)  of  the  as-grown 
diamond  on  the  reused  a-SiC  pin  during  the  second  (Pair)  test,  sliding  on  a  new  wear 
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track  of  the  same  polished  diamond  flat.  Because  the  tribopin  surface  was  wom-in  prior 
to  the  start  of  the  second  test,  the  contribution  of  Coulomb  friction,  caused  uy  the 
climbing  of  the  asperities  on  one  surface  over  those  on  the  counterface,  was  lower.  This 
resulted  in  an  overall  decrease  in  the  inidal  COF.  This  means  that  the  COF  is  heavily 
affected  by  significant  roughness  and  morphology  differences  between  polycrystalline, 
eVD  diamond  films,  resulting  from  different  deposition  techniques.  For  example,  recent 
tribometry  revealed  (9)  that  rough  diamtmd  surfaces  produced  COF  values  up  to  an  order 
of  magnitude  greater  than  smooth  ones,  when  sliding  against  various  solids,  in  air. 


The  COF  results  of  unpolished-fluorinated  diamond  on  Si  (100)  flat  (Sample  A) 
are  shown  in  Hgure  5  a,  b  and  c.  Similar  to  the  as-deposited  samples  tested  in  vacuum, 
the  room  tempmturc  equilibrium  COF  stabilized  around  0.1.,  However,  even  at  this  low 
fiiction,  the  diamond  film  delaminated  rapidly  in  the  first  and  second  test  runs,  as 
indicated  by  SEM  observation.  In  the  first  test  run,  delaminadon  occurred  near  300 
cycles,  indicating  that  the  smooth  Si  substrate  exhibited  lower  friction  than  the  rougher, 
diamond  surface.  During  the  second  test  run,  the  diamond  began  to  peel  around  the 
300th  cycle  also,  follow^  by  a  COF  increase  characteristic  to  dehydrogenated  (i.e., 
dangling  bond<ontaining)  diamond  or  silicon. 

As  compared  to  the  high  temperature  UV  assisted  fluorinated  sample  B  (Figure 
3),  the  relatively  greater  tenacity  of  the  CF4/Ar  plasma-generated,  fluorine-containing  film 
(Figure  6)  is  apparent  in  both  runs  2  and  3  on  the  Si(lOO)  flat.  In  test  run  2,  the  COF 
does  not  substantially  increase  until  400  ®C  when  the  film  begins  to  delaminate  at  ~  300  to 
4(X)  cycles.  This  is  compared  to  the  immediate  increase  in  COF  upon  heating  for  sample 
B  which  was  fluorinated  with  a  UV  assisted  j^ess.  The  high  tenacity  of  the  fluorinated 
top  layer  was  even  more  remarkable  in  the  third  test  run.  Here,  the  test  combination  was 
preheated  prior  to  the  onset  of  sliding  (Figure  Sc)  to  mitigate  thermal  ramp  induced 
delamination  and  improve  in-situ  SEM  imaging.  At  high  temperatures,  the  COF  remained 
low  (COF  s  0. 13),  even  though  the  temperature  of  the  flat  ranged  from  600  °C  to  850  ^C 
to  600  OC  during  sliding.  The  diamond  film  did  not  delaminate  until  it  was  cooled  down 
near  100  °C,  as  indicated  by  the  drastic  increase  in  CXDF  at  -1560  cycles.  No  Pair  test 
w'.s  performed  on  this  flat. 


CQJLCLUSIQNS 

Direct  fluorination  from  the  gas  phase  was  unsuccessful  in  lowering  the 
coefficient  of  friction  or  lengthening  the  wear  life  of  polycrystallinc  CVD  diamond  films 
deposited  on  various  substrates.  Film  adhesion  was  severely  reduced  by  attack  of  the 
substrate-diamond  interface  by  the  fluorine  gas,  through  the  pinholes  and  cracks  in  the 
layers.  Furthermore,  XPS  incUcated  a  lack  of  substantive  reaction  between  C  and  F  on 
the  sliding  surfaces.  The  CF4/A1  plasma-treated  diamond  may  'xhibit  better  resistance  to 
desorption  and  rubbing  then  the  UV-assisted  treatment.  A  more  pronounced  effect  is 
associated  with  that  of  polished  versus  unpolished  rubbing  surfaces.  Polished  diamond 
may  thus  serve  better  than  the  unpolish^  counterpart,  at  least  at  room-to-moderate 
temperanjre.s,  provided  fluorine-containing  (or  hydrogen-hydrocarbon)  species  are 
continuously  replenished  on  the  sliding  interfaces. 
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Figure  1. 


The  appearance  of  fluorinated  CVD  diamond  films  on  sapphire 
and  a-SiC. 
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Table  1 .  Fluoiination  parameters  and  test  combinations  of  CVD  diamond 

film  coated  specimens. 
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Table  2.  Atomic  concentration  table  for  polished  and  unpolished 
fluorinated  CVD  diamond,  listed  as  a  function  of  argon  etch 
time. 
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Figure  2.  XPS  spectra  of  fluorinated  CVD  diamond  films:  a)  Sample  B, 
Side  1  (unpolished)  b)  Sample  B,  Side  2  (polished). 


a. 


Figure  3.  Coefficients  of  friction  (COF)  of  unpolished-fluorinated 
diamond  on  an  a-SiC  pin  vs.  polished-fluorinated  diamond  on 
an  a-SiC  flat  in  vacuum  and  Pair- 
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a. 


Figure  4.  Coefficients  of  friction  (COF)  of  as-deposited  diamond  on  an  a- 
SiC  pin  vs.  as-deposited  diamond  on  an  a-SiC  flat  in  vacuum 

and  Pair.O). 


a. 


Figures.  Coefficients  of  friction  (COF)  of  unpolished-fluorinated 
diamond  on  an  a-SiC  pin  vs.  unpolished-fluorinated  diamond 
on  a  Si(lOO)  fiat  in  vacuum;  a)  test  run  1,  b)  test  run  2,  and  c) 
test  run  3  at  elevated  temperatures. 
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IBM  Research  Division,  TJ. Watson  Research  Center,  Yorktown  Heights, 
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ABSTRACT. 

Diamond-like  carbon  films  deposited  by  rf  PACVO  from  acetylene  at  temper¬ 
atures  of  100  to  250  “C  and  -80  to  -200  V  DC  have  been  annealed  in  vacuum 
at  temperatures  up  to  590  "C  for  3-4  hours.  The  hydrogen  content  of  the  films 
was  found  to  decrease  after  annealing  above  390  °C,  yet  approximately  20% 
hydrogen  was  retained  in  all  the  films  after  annealing  at  590  °C.  The  index  of 
refraction  of  as-deposited  films  or  post-annealed  at  up  to  390  °C  was  found  to 
be  independent  of  the  deposition  temperature  for  a  given  substrate  bias,  but  in¬ 
creasing  with  increasing  deposition  power  and  debasing  bias.  The  sp’isp^ 
carbon  ratio  increases  with  increasing  annealing  temperature,  and  only  sp’  bound 
carbon  is  identified  in  the  FTIR  spectra  after  annealing  at  590  °C.  The  wear 
resistance  in  nitrogen  of  the  as-deposited  DLC  is  not  affected  by  the  deposition 
parameters  in  the  investigated  range.  However,  better  stability  to  higher 
annealing  temperatures  was  observed  for  DLC  deposited  at  higher  temperature 
or  higher  bias.  DLC  films  deposited  at  250  ®C  and  -150  V,  remain  wear  re¬ 
sistant  in  nitrogen  even  after  annealing  at  590  "C. 


INTRODUCTION 

Diamond-like  carbon,  or  DLC  films,  are  rnetastable  amorphous  materials,  composed  pri¬ 
marily  of  sp^  and  sp^  coordinated  carbon  atoms  in  a  disordered  networic.  DLC  films  have  been 
prepared  by  a  variety  of  methods  including  DC  and  rf  plasma  assisted  CVD,  sputtering,  or  ion 
beam  deposition,  from  a  variety  of  carbon  bearing,  solid  or  gaseous  source  materials  (1-3). 
These  films  are  characterized  by  extreme  hardness,  measured  to  be  in  the  range  2000-9000  kg/ 
mm2,  a  generally  low  friction  coefficient,  between  0.01  and  0.28,  as  well  as  very  high  internal 
stresses  (1).  The  films  typically  have  high  optical  transparency  over  a  wide  spectral  range,  high 
electrical  resistivity,  and  chemical  inertness  to  both  acids  and  alkalis. 

Depending  upon  the  precursor  materials  and  preparation  technique  used  for  deposition, 
DLC  films  contain  a  significant  amount  of  hydrogen,  whose  concentration  has  been  shown  to 
vary  between  less  than  10%  up  to  50%  (4).  The  hydrogen  content  critically  determines  film 
struchire,  e.g.  the  sp':sp’  ratio  and  thus  the  properties  of  the  films.  Hydrogen  content  is  also  key 
to  obtaining  a  wide  optical  gap  (E.^)  and  high  electrical  resistivity,  as  it  passivates  the  dangling 
bonds  in  the  amorphous  structure  (2). 

The  properties  of  DLC  films  are  known  to  depend  strongly  upon  both  the  deposition 
method  and  the  specific  deposition  conditions.  Deposition  is  generally  done  at  relatively  low 
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substrate  temperatures,  Tj  <  300  °C,  in  that  for  substrate  temperatures  above  325  °C  the  bandgap 
goes  to  zero,  (£,^-»0  eV)  electrical  resistivity  declines  rapi^y  (o-»10^  Q‘*cm'*),  and  the  films 
soften  significantly  (e.g.Meyerson  and  Smith  ^). 

The  unique  properties  of  DLC  films  make  them  useful  as  protective  coatings  on  metals, 
optical  or  electronic  components,  and  in  particular  for  applications  where  layers  of  order  of  100 
nm  thickness  or  less  are  required.  In  present  applications  DLC  films  are  employed  at  about  room 
temperature,  but  one  may  envision  applications  requiring  higher  usage  or  post-deposition  proc¬ 
essing  temperatures,  where  the  thermal  stability  of  DLC  films  becomes  important. 

Thermal  stability  has  be..n  previously  examined  for  some  DLC  films  (6-9),  with  emphasize 
on  changes  of  the  hydrogen  content  or  infrared  absorption.  The  general  trend  observed  was  a 
reduction  in  the  hydrogen  content  in  the  films  and  changes  in  IR  absorption  with  annealing 
temperaUue.  However,  the  behavior  of  the  films  after  thermal  annealing  appears  to  be  dependent 
upon  the  preparation  methods  used  by  the  different  authors,  similar  to  the  properties  of  the  as- 
deposited  DLC  films. 

Given  the  dependence  of  the  properties  of  DLC  films  on  the  specifics  of  the  deposition 
system  and  chemistry,  it  is  important  to  characterize  the  films  deposited  by  a  specific  method¬ 
ology  (apparatus  and  precursor).  This  paper  presents  the  characterization  of  DLC  films  depos¬ 
ited  by  rf  PECVD  from  acetylene  as  a  fimetion  of  deposition  parameters,  their  tribological 
properties,  and  the  effect  of  thermal  atmealing  on  the  properties  of  the  films. 


EXPERIMENTAL 

The  presently  discussed  DLC  films  were  deposited,  as  described  in  detail  elsewhere  (10).. 
by  the  rf  plasma  decomposition  of  acetylene,  on  Si(lOO)  substrates  at  a  bias  between  -80  and 
-200  V,  rf  power  densities  of  0.1  to  0.2  mW.cm*’,  and  temperatures  of  100  to  250  ®C.  The  Si 
substrates  were  cleaned  with  electronic  grade  acetone  and  ethanol,  and  nnsed  with  18Mf2  DI 
water.  Prior  to  deposition,  the  substrate.s  *ere  additionally  in-situ  sputter  cleaned  in  an  argon 
plasma.  Following  deposition,  the  DIX!  layers  were  annealed  under  vacuum  for  up  to  four  hours 
at  temperatures  up  to  590  °C. 

The  index  of  refraction  of  the  DLC  films  was  measured  by  ellipsometry  at  X.  =  6238  A. 
Infrared  absorption  was  measured  between  1000  and  4000  cm*'  using  a  Fourier  transform  in¬ 
frared  spectrometer  (FTIR)  at  a  resolution  of  4  cm*'  as  described  in  detail  elsewhere  (11).  The 
hydrogen  content  of  the  DLC  films  was  determined  by  the  forward  recoil  elastic  scattering 
method  (FRES)  using  a  2.3  MeV  ^He  beam  and  fitting  the  calculated  energy  distribution  of  the 
recoiled  atoms  to  the  experimental  data  (12),  by  adjusting  the  hydrogen  concentration  in  the 
calculations. 

The  wear  resistance  and  friction  coefficients  of  thin  DLC  films  were  investigated  using  a 
specially  designed  pin-on-disk  type  tribotester  (13).  The  tribotester  was  contained  in  a  lx)x 
where  Ae  humidity  was  controlled  by  continuous  purging  with  dry  nitrogen.  The  wear  of  Si 
wafers  coated  with  DLC  films  was  measured  against  stainless  steel  riders  (440C  ball  bearings). 
A  load  of  0.088N  (9g)  was  applied  to  the  riders  of  a  diameter  of  0.794cm,  corresponding  to  an 
initial  Hertzian  stress  (14)  of  215  MPa.  The  wear  test  was  performed  by  running  the  apparatus 
for  a  preset  number  of  rotations  and  measuring  the  resulting  wear  tracks  with  a  profilometer. 


RESULTS  and  DISCUSSION 


Conseeutive  FRES  measurements  at  the  same  spot  on  DLC  films  deposited  at  100  °C 
showed  a  decrease  of  the  hydrogen  content  as  a  result  of  the  bombardment  with  the  energetic 
ion  beam,  as  shown  in  Figure  1 .  This  behavior  indicates  the  existence  of  a  polymeric  compo¬ 
nent,  which  decomposes  under  the  bombardment  with  the  energetic  ions.  A  similar  behavior 
was  observed  previously  for  DLC  films  deposited  at  30  °C  and  to  some  extent  for  films  depos¬ 
ited  at  ISO  °C  (IS),  however  it  is  not  observed  for  the  films  deposited  at  temperatures  in  excess 
of  180  °C,  for  which  the  FRES  data  remains  constant  during  consecutive  measurements  at  same 
position  on  the  films. 

Figure  2  shows  the  hydrogen  concentration  in  DLC  films  deposited  at  a  substrate  bias  of 
-80  V  and  three  different  substrate  temperatures,  as  a  function  of  annealing  temperature.  The 
concentration  values  are  accurate  to  ±  2  %.  Identical  behavior  to  that  presented  in  Figure  2  was 
observed  for  films  deposited  at  -150  V  DC  bias,  indicating  that  the  change  of  the  substrate  bias 
tom  -80  to  -150  V  does  not  affect  the  amount  of  hydrogen  incorporated  In  the  film.  As  can 
be  seen,  the  hydrogen  concentration  in  the  films  is  not  affected  by  annealing  at  390  °C  and  starts 
to  decrease  only  after  annealing  the  film  above  440  °C,  reaching  essentially  identical  values  of 
hydrogen  content  in  all  films,  independent  of  their  deposition  conditions.  After  annealing  at  590 
°C  for  3  hours,  the  DLC  films  deposited  in  the  present  work  still  retain  approximately  22% 
hydrogen.  Couderc  and  Catherine  (8)  also  found  retention  of  hydrogen  in  DLC  films  deposited 
at  certain  conditions  after  annealing  at  800  °C,  while  for  films  deposited  at  other  conditions 
complete  removal  of  hydrogen  was  observed  after  annealing  at  600  °C  (8,9).  However,  due  to 
the  different  deposition  parameters  used  by  the  various  authors,  it  is  not  possible  to  perform  a 
one  to  one  comparison  of  their  work  in  an  eflfotl  to  isolate  what  aspect  of  film  growth  determines 
the  hydrogen  stability  in  the  annealed  films. 

The  infrared  absorption  peaks  of  DLC  (at  2100-3100  cm"'  and  at  1400-1500  cm"')  should 
provide  an  indication  of  the  hydrogen  content  in  the  films  and  has  been  used  to  determine  its 
bonding  to  sp^  or  sp’  carbon  atoms  (16).  Figure  3  presents  the  relevant  regions  of  the  IR 
absorbance  spectra  of  DLC  films  deposited  under  three  different  combinations  of  temperatures 
and  bias,  as  a  function  of  the  annealing  temperature.  Additional  FTIR  data  for  DLC  films  de¬ 
posited  at  other  temperatures  can  be  found  elsewhere  (11).  The  identification  of  the  absorption 
peaks,  according  to  (16,17)  is  presented  in  Table  1.  As  can  be  seen  in  Figure  3,  the  spectra  of 
the  as-deposited  films  are  similar  for  all  deposition  conditions.  The  peak  at  2800-3()()0  cm~', 
corresponds  to  a  superposition  of  stretching  vibrations  of  C-H  with  hydrogen  bonded  to  sp^ 
carbon,  while  the  peaks  at  1450  cm*'  and  1370  cm*'  correspond,  respectively,  to  the  asymmet¬ 
rical  and  symmetrical  deformation  frequencies  of  C-CH).  A  small  absorption  peak  is  observed 
in  some  cases  at  1700  cm*'.  This  peak  is  identified  as  corresponding  to  C=0  vibrations  in  the 
-COOH  group  (17).  As  AES  measurements  showed  that  the  bulk  of  the  DLC  films  does  not 
contain  oxygen,  both  before  and  after  annealing,  the  peak  at  1700  cm*'  is  probably  caused  by 
oxygen  adsorbed  on  the  surface  of  the  films  or  at  the  film-substrate  interface. 

Previous  high  resolution  NMR  spectroscopy  showed  that  DLC  films  deposited  at  250  °C 
and  -80  V  contain  carbon  in  the  two  bonding  states  sp^  and  sp’,  at  a  ratio  sp’isp’  -3:2  and  that 
hydrogen  was  bound  in  tnat  film  in  almost  equal  parts  to  the  two  differing  coordinations  of 
carbon  atoms  (15).  However  the  FTIR  spectra  of  the  as-deposited  films  do  not  show  an  ab¬ 
sorption  peak  corresponding  to  the  sp’  CH  stretching  mode  at  3045  cm*'.  The  high  resolution 
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NMR  spectroscopy  provides  well  separated  peaks  for  the  two  carbon  coordinations,  sp^  and  sp’ 
and  has  the  ability  to  determine  accurately  both  the  ratio  of  carbon  atoms  in  the  two  configura¬ 
tions  and  the  relative  distribution  of  hydrogen  on  carbon  atoms  in  each  coordination.  The  FTIR 
spectra  could  therefore  not  be  used  for  the  determination  of  the  sp^/sp’  ratio  in  the  present  DLC 
films.  Nevertheless  they  provide  information  on  the  relative  behavior  of  the  films  as  a  function 
of  deposition  conditions  or  armealing  temperatures. 

As  can  be  seen  in  Figure  3,  the  major  change  occurring  in  the  IR  spectra  of  the  DLC  films 
after  annealing  them  at  390  °C  is  the  appearance  of  the  stretch  peak  of  conjugated  aromatic  C=C 
sp^  carbon  at  1600  cm~',  without  a  significant  change  in  the  intensity  of  the  peak  at  2800-3100 
cm"'.  Tfii'  result  is  consistent  with  the  FRES  results  (Figure  2)  and  indicates  that  the  major 
change  re-ulting  from  armealing  at  390  °C  is  the  reorganization  of  carbon  atoms  in  local 
graphitic  co'irdination,  without  a  significant  loss  of  hydrogen  from  the  films.  Only  after 
armealing  above  4S0  ‘’C  does  the  hydrogen  peak  corresponding  to  hydrogen  bound  to  sp’  C  de¬ 
crease,  while  the  peak  of  the  sp^  CH  stretch  mode  appears  at  3045  cm~'.  This  is  accompanied 
by  a  further  increase  of  the  C=C  peak  at  1600  cm"'  and  a  decrease  in  the  peaks  of  C-CH3  at  1450 
cm"'  and  1370  cm"'.  The  similarity  of  the  spectra  of  DLC  films  deposited  at  250C  for  biases 
either  -80  and  -150  V  (Figure  3  (b)  and  (c))  indicates  identical  hydrogen  bonding  in  the  films 
deposited  at  different  biases. 

After  annealing  at  590  °C,  only  a  small  peak  at  3045  cm"',  corresponding  to  sp^  CH,  and 
the  peak  at  1600  cm"',  corresponding  to  sp^  C=C  are  observed  in  the  IR  spectra.  The  FRES 
results  indicated  that  about  22%  hydrogen  remains  in  the  films  after  annealing  at  590  °C.  The 
FTIR  peak  at  3045  cm"'  indicates  that  a  significant  fraction  of  it  is  hydrogen  bound  to  sp’  co¬ 
ordinated  carbon.  It  should  be  emphasized  that  the  changes  occurring  during  annealing  take 
place  at  lower  annealing  temperatures  for  films  deposited  at  the  lower  temperature  (see 
Figure  3  (a)  and  reference  (11)).  This  may  be  correlated  to  the  break-up  of  the  polymeric  frac¬ 
tion  existent  in  DLC  deposited  at  lower  temperamres. 

The  index  of  refraction  of  the  films  deposited  at  a  substrate  bias  of  -80  V  and  rf  power 
density  of  0. 1  W.cm"^  was  found  to  be  insensitive  to  deposition  temperature,  and  was  measured 
as  n  =  1.9  ±  0.2  (1 1).  It  was  found,  however,  to  increase  with  deposition  power,  at  constant  bias, 
but  to  decrease  with  increasing  bias,  at  constant  power  (18).  TTie  decrease  of  the  index  of  re¬ 
fraction  with  increasing  bias,  at  constant  power,  does  not  contradict  other  reports  of  increasing 
index  of  refraction  with  increasing  bias  because  in  those  cases  the  self-bias  has  been  increased 
by  increasing  the  applied  rf  power  (e.g.  references  (19-21)).  It  appears  therefore  that  the  effect 
related  to  the  bias  in  previous  works  was  in  fact  an  effect  of  the  power  (and  evenmally  pressure). 

Figure  4  presents  the  index  of  refraction  of  three  DLC  films,  deposited  at  different  condi¬ 
tions,  as  a  function  of  annealing  temperature.  As  can  be  seen,  the  index  of  refraction  remains 
nearly  constant  with  annealing  temperatures  up  to  390  "C,  independent  of  deposition  temperature 
and  substrate  bias.  Annealing  at  temperatures  above  390  "C  results  in  an  increase  of  the  index 
of  refraction  for  films  deposited  at  100  "C,  while  the  index  of  refraction  starts  changing  only 
at  temperatures  above  440  “C,  for  the  films  deposited  at  250  “C.  However,  after  annealing  above 
440  °C,  the  indexes  of  refraction  of  the  film  deposited  at  100  °C  and  -80  V  and  of  the  film  de¬ 
posited  at  the  larger  negative  bias  of  -150  V  and  250  °C  increase  much  faster  than  tne  index 
of  refraction  of  the  film  deposited  at  250  °C  and  -80  V. 
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The  correlation  between  the  index  of  refraction  and  hydrogen  content  is  presented  in 
Figure  5  for  the  same  films  as  in  Figure  4.  For  a  given  set  of  deposition  conditions,  the  index 
of  refraction  increases  with  decreasing  hydrogen  content,  as  was  also  reported  by  other  authors 
(20,21).  However,  in  our  case,  for  identical  hydrogen  content,  the  index  of  refraction  of  the 
as-deposited  or  annealed  DLC  is  dependent  on  the  deposition  conditions  and  different  values 
of  in^x  of  refraction  are  obtained  at  same  hydrogen  content. 

These  results  indicate  that  DLC  films  deposited  under  different  conditions  of  the  present 
study,  yet  containing  the  same  amount  of  hydrogen,  have  different  distributions  of  the  hydrogen 
among  the  sp^  and  sp*  carbon,  and  different  ratios  of  spVsp*  C  in  the  films.  This,  however,  was 
is  not  reflected  in  the  IR  spectra,  and  has  to  be  fiirther  investigated  by  high  resolution  NMR. 
The  behavior  of  the  refractive  index  (Figure  4)  together  with  the  FTIR  results  (Figure  3)  dem¬ 
onstrate  that  DLC  films  deposited  at  high  substrate  temperatures  are  stable  to  higher  aruiealing 
temperatures. 

The  value  of  the  static  friction  coefficients  of  the  as-deposited  DLC  films  is  0.20±0.05. 
The  changes  observed  in  the  fnction  coefficients  afrer  annealing  the  films  were  essentially  within 
the  experimental  enor.  Nevertheless,  it  appears  that  the  smallest  changes  in  the  friction  coeffi¬ 
cients  after  annealing  occurred  in  the  films  deposited  at  -ISO  V  and  2S0  °C,  indicating  agaLi, 
that  deposition  under  this  conditions  results  in  a  DLC  film  that  is  stable  to  higher  temperatures. 
Figure  6  shows  the  initial  record  of  the  friction  coefficient  between  a  steel  ball  (44(Kr)  and  a 
bare  silicon  wafer,  and  the  steel  ball  and  a  silicon  wafer  coated  with  DLC.  As  can  be  seen,  the 
friction  coefficient  with  DLC  is  less  than  half  that  with  silicon  and  the  fnction  between  the  steel 
and  DLC  is  characterized  by  a  strongly  reduced  stick-slip  behavior  (indicated  by  the  spread  be¬ 
tween  the  maxima  and  minima  of  the  fnction  coefficient). 

The  effect  of  coating  the  silicon  wafer  with  DLC  on  the  wear  of  the  wafer  is  illustrated  in 
Figure  7  which  shows  the  profiles  of  wear  tracks  obtained  in  the  pin-on-disk  tribotester  on 
silicon,  after  30,000  passes,  and  on  DLC,  after  250,000  passes.  The  depth  scale  in  Figure  7  (a) 
is  100  times  larger  than  in  (b).  The  results  show  that  by  coating  the  Si  wafer  with  DLC,  wear 
is  greatly  reduced.  In  addition,  considerable  wear  was  observed  on  the  steel  rider  after  the  wear 
test  on  silicon,  while  no  wear  could  be  seen  on  the  steel  rider  after  the  wear  test  on  DLC.  By 
preventing  the  wear  and  formation  of  fracture  particles  from  the  worn  surface  of  the  disk,  the 
DLC  film  protects  also  the  uncoated  (softer)  steel  rider  from  wear. 

The  wear  of  DLC  films  is  presented  in  Figure  8  as  a  function  of  the  aruiealing  temperature. 
The  wear  is  expressed,  on  a  logarithmic  scale,  in  track  depth  per  Ky*  rotations  in  the  tribotester. 
The  wear  tracks  were  obtained  after  260,000  rotations.  The  bars  extending  over  the  whole  height 
of  the  box  indicate  that  the  respective  DLC  films  were  completely  wom-through  after  only  a  few 
thousand  rotations.  As  can  be  seen,  the  as-deposited  films  showed  very  little  wear,  independent 
of  the  deposition  temperature,  with  the  film  deposited  at  a  bias  of  -ISO  V  DC  having  only  a 
negligible  amount  of  wear.  After  annealing  at  390  "C,  the  films  deposited  at  -80  V  DC,  at  100 
and  180  °C  had  little  wear  resistance,  and  were  completely  worn  through  after  a  few  thousand 
rotations.  The  film  deposited  at  -80  V  DC  and  250  °C  and  armealed  to  440  °C,  did  wear  at  a 
higher  rate  than  the  as^eposited  film  and  was  wom-through  after  annealing  at  490  °C.  On  the 
other  hand,  the  wear  of  the  DLC  film  deposited  at  250  "C  and  -ISO  V  was  negligible  after 
annealing  at  390  "C,  increased  after  annealing  at  higher  temperatures,  but  remained  low  even 
after  amiealing  at  590  °C  for  three  hours  (see  Figure  8).  Thus,  whiie  the  other  characterization 
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methods  revealed  only  small  changes  in  the  DLC  films  after  annealing  at  390  ‘’C,  with  almost 
no  differences  between  the  films  deposited  m  the  various  temperatures  and  same  bias,  wear 
testing  showed  that  only  the  film  deposited  at  the  higher  temperature  or  higher  bias  is  still  wear 
resistant  after  annealing  for  four  hours  at  390  or  440  °C. 

Few  papers  report  the  effect  of  the  deposition  temperature  on  the  properties  of  DLC  films. 
It  was  for  example  reported  (1,3)  that  the  optical  gap  decreases  with  increasing  substrate  tem¬ 
perature,  with  a  rapid  decrease  above  230  °C.  The  deposition  is  most  probably  controlled  by 
the  'nteraction  between  the  radicals  produced  in  the  plasma  and  the  surface.  This  interaction 
may  in  turn  be  affected  by  the  coverage  of  the  surface  with  atomic  hydrogen,  as  in  the  case  of 
a-Si:H  deposition  (22).  According  to  Catherine  (23),  the  growth  rate  is  indeed  intermediated 
by  a  layer  adsorbed  at  the  surface.  Higher  deposition  temperatures  apparently  reduce  the  hy¬ 
drogen  coverage  of  the  surface  which  then  affects  the  growth  rate  and  ^e  properties  and  struc¬ 
ture  of  the  deposited  film. 

The  results  show  that  an  increase  of  the  negative  surface  bias  from  80  to  130  V  causes 
significant  improvement  in  the  wear  resistance  and  thermal  stability  of  the  films,  making  them 
less  sensitive  to  annealing.  Though  the  hydrogen  content  (Figure  2),  the  index  of  refraction 
(Figure  4),  and  the  IR  spectra  (Figure  3  (c))  of  the  film  deposited  at  the  higher  bias  all  change 
with  increasing  annealing  temperature,  indicating  modifications  in  the  structure  of  the  film,  these 
modifications  have  little  effect  on  the  friction  coefficients  and  the  wear  behavior  of  the  as- 
deposited  films.  The  comparison  of  the  mentioned  physical  properties  of  the  films  deposited 
at  the  higher  bias  with  those  of  the  films  deposited  at  the  lower  bias  does  not  indicate  that  one 
has  to  expect  a  different  wear  behavior  of  the  DLC  films.  However,  the  observed  behavior  of 
the  friction  coefficient  and  of  the  wear  rates  indicates  that  the  films  deposited  at  higher  bias  have 
significantly  different  local  structures,  in  the  as-deposited  and  anneal^  state,  than  the  films  de¬ 
posited  at  Ae  lower  bias.  I  that  films  deposited  at  one  temperature  but  different  biases  contain 
the  same  amount  of  hydrogen,  it  is  again  clear  that  what  is  changing  is  the  local  atomic  coor¬ 
dination,  and  the  films  may  have  significantly  different  ratios  of  sp^  and  sp’  carbon. 

The  effect  of  bias  on  DLC  properties  has  been  investigated  before  by  different  authors 
(8,19,24-27),  and  the  bias  has  bMn  found  to  affect  the  structure  or  hardness  of  the  fflms. 
However,  there  appears  to  be  no  systematic  study  rf  the  effect  of  the  bias  on  the  structure  and 
bonding  (e.g.  sfF/sp’)  in  the  films.  To  what  extent  this  happens  has  to  be  determined  by  a  method 
more  sensitive  to  structure  than  Fl'lK,  or  even  Raman  spectroscopy.  High  resolution  NMR,  with 
the  proton  decoupling  option,  may  eventually  be  able  to  elucidate  the  difference  in  the  structure 
and  its  relation  to  wear  behavior  between  DLC  films  deposited  under  different  conditions. 


CONCLUSIONS 

Annealing  in  vacuum  up  to  390  "C  of  DLC  films  deposited  by  rf  decomposition  of 
acetylene  has  only  slight  effects  on  their  optical  properties  or  hydrogen  content.  Aimealing  at 
higher  temperatures  results  in  a  reduction  in  the  hydrogen  content  and  an  increase  in  the  index 
of  refraction,  with  larger  changes  found  for  films  deposited  at  lower  temperatures  or  lower  bi¬ 
ases.  About  22%  hydrogen  is  retained  in  the  films  afier  annealing  at  3^  "C  for  three  hours. 
The  index  of  refraction  increases  with  decreasing  hydrogen  content  in  the  films  but  is  also  de¬ 
pendent  on  the  deposition  conditions,  at  a  fixed  hydrogen  content. 
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After  annealing  at  390  “C,  films  deposited  at  15  W  and  -80  V,  and  at  temperatures  of  100 
°C  and  180  °C  provide  no  wear  resistance.  Films  deposited  at  250  °C  are  still  wear  resistant 
after  annealing  at  440  °C,  and  films  deposited  at  23  W,  -150  V  and  250  °C  remain  wear  resistant 
even  after  annealing  at  590  °C.  The  results  indicate  that  the  DLC  films  deposited  at  higher 
temperature  or  bias  are  more  stable  to  higher  annealing  temperature. 

Although  IR  absorption  indicates  simitar  structures  for  the  films  deposited  under  different 
conditions,  the  wear  behavior  of  the  as  deposited  and  annealed  films  is  strongly  dependent  on 
the  deposition  conditions,  reflecting  differences  local  atomic  structure  of  the  films. 

Table  I.  IR  absorption  frequencies  in  Diamond-Like  Carbon. 


Line 

Wavenumber 

Assignment 

Type 

(cm'') 

3045 

sp^CH 

stretching 

Oi 

2960 

sp^  CHj  asymm. 

stretching 

2920 

sp’CH2 

stretching 

01 

2875 

sp^  CHs  symm. 

stretching 

1600 

sp2  C=C  conjugated 

stretching 

f 

1450 

C-CHs  asymm. 

deformation 

8 

1370 

C-CH}  symm. 

deformation 
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CNCmY  (IMV) 


Figure  1.  (left)  FRES  results  for  a  DLC  dim  deposited  at  100  ‘C;  The  ragged  lines  show  the 
experimental  data;  the  smooth  line  is  the  calculated  fit  to  the  data  group  1.  The  numbers 
indicate  consecutive  measurements  on  same  spot. 


Figure  2.  (right)  Variation  of  hydrogen  content  with  annealing  temperature. 
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Figure  3.  IR  abeorbance  spectra  of  DLC  vs  annealing  temperature.:  (a)-DL£  deposited  at 
100  'C  and  -80  V;  (b)-DLC  deposited  at  250  "C  and  -80  V;  {c)-DLC  deposited  at  250 
°C  and  -150  V; 


Figure  4.  (botright)  Variation  of  index  of  refraction  with  annealing  temperature. 
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Figure  5.  Index  of  refraction  vs  hydrogen 
content. 


Figure  6.  Friction  coelTIclento  vs 
number  of  rotations 


Figure  7.  (left)  Profiles  of  wear  tracks  produced  by  a  steel  rider  on  SI  and  DLC:  (a)  on  Si 

after  30,000  passes;  (b)  on  DLC,  after  250,000  passes 


Figure  8.  (right)  Wear  of  DLC  films  vs  annealing  temperature 
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ATOMIC  COORDINATION  AND  MACROSCOPIC  PROPERTIES  OF 
HYDROGENATED  DIAMONDLIKE  CARBON 

M.  A  Tamor  and  K.  R.  Carduner 

Research  Staff,  Ford  Motor  Company,  SRL  MD-3028 
Dearborn,  MI  48121-2053 


ABSTRACT 

Carbon  bonding  environments  in  plasma-deposited  hydrogenated  amorphous 
carbon  (a-C;H)  have  been  examined  by  nuclear  magnetic  resonance  (NMR)  spec¬ 
troscopy.  These  local  measurements  of  carbon  bonding  are  connected  to  the 
elastic  properties  of  a-C:H  through  the  random  covalent  network  concept  of 
Phillips  and  Thorpe.  It  is  shown  that  a-C:H  consists  of  a  slightly  overconstrained 
random  network  in  which  small  graphitic  clusters,  which  determine  the  optical 
propertied,  are  embedded. 


INTRODUCnON 

Thin  films  of  hard  carbon  materials  are  rapidly  gaining  in  technological  impor¬ 
tance.^  While  true  diamond  can  be  produced  by  chemical  vapor  deposition,  the 
required  growth  environment  is  destructive  to  many  substrates  of  interest. 
Amorphous  carbon,  although  not  as  hard  as  diamond,  can  be  produced  at  or 
below  room  temperature.  Hydrogenated  amorphous  carbon  (a-C:H)  can  be 
deposited  frcrr;  hydrocarbon  vapor  by  plasma  or  ion-beam,  while  hydrogen-free 
material  (a-C)  can  be  formed  a  variety  of  ion-beam,  arc-plasma  and  laser- 
plasma  techniques.  Despite  popular  use  of  the  term  "diamondlike"  in  reference  to 
hard,  insulating  amorphous  carbon  films,  the  degree  to  which  the  observed 
properties  of  "diamondlike"  carbon  (DIX^  reflect  an  "amorphous  diamond" 
structure  (analogous  to  amorphous  silicon)  is  unclear  and  highly  controversial.  To 
date,  the  degree  of  "diamondlike"  character  has  been  inferred  from  measure¬ 
ments  of  dielectric  response  (optical  gap,  electron-energy  loss)  and  fllm  hardness 
and  density.  However,  Tamor  and  Wu  have  demonstrated  how  a  structure 
composed  of  veiy  little  quaternary  carbon  might  exhibit  the  same  properties  that 
are  cited  as  evidence  for  an  "amorphous  diamond"  structure.^  Thus,  more  direct 
probes  of  local  atomic  structure  are  required.  Here  we  describe  results  of  a 
systematic  study  of  atomic  coordination  in  a-C;H  by  nuclear  magnetic  resonance 
spectroscopy. 
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EXPERIMENT 


NMR 

Hydrogenated  amorphous  carbon  films  were  deposited  from  an  RF-biased 
methane  plasma  (SO  mT)  at  several  bias  voltages  ranging  from  0  to  1000  V.  Solid- 
state  magic  angle  spinning  (MAS)  NMR  spectra  were  acquired  at  7S.S  MHz 
in  a  Bruker  MSL  300  spectrometer  equipped  with  a  Bruker  MAS  probe  with  a 
spinning  speed  of  4.S  kHz.  It  was  found  that  ^ith  sufficient  sample  mass  (100 
mg)  and  long  averaging  times  (48  h)  the  natural  abundance  of  was  sufficient 
to  obtain  quantitative  spectra.  A  series  of  pulse  sequences  were  tested  in  the 
search  for  conditions  which  ensured  quantitative  spectra  of  different  carbon 
bonding  environments.  Following  this  investigation,  spectra  were  obtained  using 
two  sequences:  (1)  acquisition  following  a  single  90°  pulse  under  high-power 
proton  decoupling  (HPPD)  and  (2)  the  same  using  60  /is  of  interrupted  de¬ 
coupling.  Four  classes  of  carbon  bonding  environments  can  be  resolved:  three¬ 
fold  with  protonation  (aromatic  or  olefinic),  three-fold  without  protonation 
(graphitic),  four-fold  with  protonation  (aliphatic  or  methine)  and  four-fold  without 
protonation  (quaternary,  as  in  diamond).  The  fractions  of  each  are  labelled  f3^, 
f3^,  f4*^,  f4^  respectively,  and  normalized  such  that  f3^  +  +  4^  =  1. 

The  inferred  hydrogen  content,  X{4  and  four  bonding  fractions  are  shown  as  a 
function  of  in  Figs,  la  and  lb. 

Hydrogen  Gintent 

The  hydrogen  content  (atomic  fraction,  X^)  was  determined  from  the  NMR  data 
as: 


Xh  =  (Af3«  Bf4H)/(l  Af3«  Bf4«),  (1) 


where  A  varies  from  1  to  2  to  reflect  the  relative  abundance  of  CHj  and  CH2* 
structures  and  B  varies  from  1  to  3  to  reflect  the  relative  abundances  of  CHj, 
CH2,  and  CH3  structures.  Three  of  these  seven  bonding  configurations  can  be 
eliminated.  First,  CH2*  is  a  highly  unstable  pendant  radical  and  is  unlikely  to 
persist  in  significant  amounts:  A  =  1.  The  characteristic  methyl  rotor  NMR 
signature  was  evident  only  in  the  soft  low-voltage  films  and  was  normalized  out  of 
the  coordination  average  for  that  film:  B  ^  2.  Assuming  B  »  1  (all  bC-H)  yields 
Xr  =  0.3  independent  of  Vb.  grossly  at  variance  with  published  values.^  i^sum- 
ing  B  »  2  yields  Xh  »  0.6  at  low  bias,  decreasing  to  less  than  0.3  at  high  bias,  in 
good  agreement  with  published  measurements.  [The  assumption  of  all  aliphatic 
carbon  probably  leads  to  a  slight  systematic  overestimate  of  Xh.  See  appendix.] 
The  established  trend  from  a  polymeric  material  rich  in  aliphatic  carbon  at  low 
bias  to  graphitic  material  rich  in  unprotonated  three-fold  coordinated  carbon  at 
high  bias  is  reproduced  in  the  NMR  data.  However,  an  unexpected  feature  of  the 


data  is  that  quatematy  carbon  is  maximized  in  an  intermediate  range  of  V),  (200 
to  400  V). 

Hardness 

Figure  2  shows  the  nano-indentation  hardness  of  several  films  grown  in  our 
laboratory  (solid  circles)  compared  with  those  of  films  grown  under  identical 
conditions  elsewhere^  (solid  squares).  These  data  show  that  hardness  increases 
rapidly  at  low  bias  voltage  (assuming  that  polymeric,  low  density  films  are  very 
soft)  peaks  near  V|,  =  250  V,  and  then  decreases  gradually  with  further  increase 
in  Vf,.  The  correlation  between  quatematy  carbon  and  hardness  is  clear. 


RANDOM  COVALENT  NETWORKS 


RCN  Basics 

Several  authors  have  attempted  to  make  a  connection  between  the  statistics  of 
local  carbon  coordination  and  macroscopic  film  properties,  through  random 
covalent  network  (RCN)  theoiy.^  The  RCN  concept  as  described  by  Phillips  and 
Thorpe^  is  based  on  the  fundamental  statement  that  a  network  cannot  be  rigid 
unless  the  number  of  translational  oscillators  of  non-zero  frequency  is  equal  to  3N, 
the  number  of  translational  degrees  of  freedom  in  the  network  (where  N  is  the 
number  of  nodes  in  the  network).  A  simple  derivation  shows  that  this  condition  is 
met  when  the  mean  atomic  coordination,  N^y  (the  average  number  of  bonds  to 
other  nodes  party  to  the  network;  i.e.  ost  dancing  atoms  or  clusters)  is  exactly  2.4. 
Ngy  greater  than  2.4  is  termed  "overconstraint"  and  is  quite  reasonably  taken  to 
imply  increased  rigidity  and  therefore  hardness.  However,  because  it  implies  more 
than  3N  constraints  (or  3N  oscillators),  which  is  physically  impossible,  it  really 
means  that  constraints  have  not  been  counted  correctly.  This  failure  of  the  RCN 
treatment  occurs  because  method  for  counting  constraints  is  local  and  does  not 
apply  to  an  overconstrained  network  (by  this  definition)  in  which  some  or  all 
oscillators  are  not  local.  Thus  there  is  no  strong  connection  between  optimally 
constrained  networks  and  macroscopically  hard  materials.  Fortunately,  He  and 
Thorpe^  have  treated  overconstrained  random  fourfold  coordinated  networks  by  a 
simulation  in  which  atoms  were  removed  at  random  from  a  diamond  lattice  and 
the  elastic  properties  of  the  resulting  network  calculated.  They  found  an  entirely 
empirical  relationship  between  hardness,  H,  and  Ngy; 

H  =  H„l(N.y-2.4)/(No-2.4)]l-5  (2) 

where  N^  =  4  for  the  diamond  lattice  and  H(,=  105  GPa  for  diamond.  The  open 
circles  in  Figure  2  show  the  hardness  for  a-C:H  as  calculated  by  Eq.  2  using 
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Nav  =  <  +  (4-B)f4”  +  SfjC  +  (3-A)f3» 


(3) 


with  A  =  1  and  B  =  2.  Given  the  simplicity  of  the  simulation  method  and  the 
complexity  of  a-C:H,  the  calculated  "hardness"  is  in  surprisingly  good  quantitative 
and  qualitative  agreement  with  the  measured  values.  [See  appendix.] 

Clustering 

The  role  of  clustering  in  determining  film  hardness  can  be  explored  by  simple 
manipulations  of  the  RCN  formalism  and  the  NMR  data.  The  extreme  case  of 
clustering  is  to  assume  that  all  atoms  of  a  single  type  are  grouped  in  a  single 
highly  internally  overconstrained  node  for  which  the  ratio  of  external  bonds  to  the 
number  of  internal  atoms  is  infinitesimal  (i.e.  a  "super-atom"  with  many  bonds  to 
the  network).  This  is  simulated  by  removing  one  bonding  class  and  renormalizing 
the  sum  of  the  remaining  classes.  Setting  f^^  »  o  is  equivalent  to  creating  one 
large  graphite  cluster  which  presumably  does  not  effect  the  elastic  properties  of 
the  remaining  "tissue"  in  which  it  is  embedded.  The  effect  of  large  graphitic 
clusters  is  shown  in  Fig.  2  as  the  open  squares.  The  general  behavior  is  the  same, 
but  the  decrease  in  hardness  at  h^  V|,  is  more  pronounced.  Along  with  many 
published  Raman  measurements, ®^this  is  strong  evidence  for  the  presence  of 
graphitic  clusters.  In  contrast,  the  open  triangles  in  Fig.  3  show  that  clustering  of 
quaternary  carbon  removes  all  network  rigidity  except  at  high  Vj,  where  there  is 
sufficient  graphitic  carbon  (now  presumed  to  be  dispersed)  to  achieve  rigidity. 

This  shows  that  there  are  no  diamond  or  "amorphous  diamond"  clusters  in  a-C;H 
and  that  its  hardness  relies  on  a  random  dispersion  of  unclustered  quaternary 
carbon. 

The  RCN  Thase  Diagram" 

Although  it  cannot  describe  truly  rigid  solids,  the  RCN  concept  can  be  used  to 
generate  the  "phase  diagram"  for  a-C:H  first  proposed  by  Angus  and  Jansen.^ 

They  applied  the  RCN  formalism  to  an  optimally  constrained  (Ngy  =  2.4)  network 
consisting  of  carbon  and  hydrogen.  They  showed  that  without  reference  to  the 
details  of  carbon  coordination,  the  overall  degree  of  fourfold  coordination  must 
vary  with  hydrogen  content  as: 

f4  =  f4^  +f4»  =  (8XH-3)/5(l.XH).  (4) 

This  defines  the  curve  on  the  plane  of  f4  vs.  X^  shown  in  Fig.  3.  [See  appendix.) 
Materials  lying  on  the  curve  are  covalent  networks  without  clustering.  Polymers 
lie  in  a  narrow  band  to  the  right  of  the  RCN  curve.  [Note  that  this  diagram  refers 
only  to  the  polymer  "backbone"  and  the  degree  to  which  it  is  crosslinked  through 
shared  carbon  sites,  and  ignores  pendant  groups  with  which  the  backbone  is 
decorated.)  Liquids  and  finally  gasses  lie  to  the  right  of  the  polymer  band. 
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The  effect  of  graphitic  clusters  can  be  simulated  in  the  RCN  formalism  by  placing 
all  three-fold  coordinated  carbon  in  large  clusters  and  renormalizing  the  number 
of  nodes  accordingly  (without  clustering  each  node  is  one  atom).  The  new  curve 
representing  optimally  constrained  networks  with  large  graphitic  clusters  given  by 

f4  =  5Xh/8(1  -  X„)  (5) 

is  shown  as  the  dashed  curve  in  Fig.  3  (labelled  C-RCN)  and  coincides  neatly  with 
the  measured  values.  This  result  is  consistent  with  the  proposal  by  Angus  and 
Wang^  that  a-C:H  consists  of  a  random  covalent  network  in  which  small  graphitic 
clusters  (which  determine  the  optical  properties)  are  locked.  However,  with  or 
without  multi-atom  nodes,  an  optimally  constrained  RCN  cannot  have  significant 
macroscopic  hardness.  Thus  not  all  overconstraint  is  relieved  by  clustering. 
Furthermore,  the  finite  clusters  which  must  exist  in  the  real  material  can  contrib¬ 
ute  to  network  rigidity.  Nevertheless,  the  close  correspondence  with  the  C-RCN 
prediction  is  quite  striking  and  emphasizes  how  little  overconstraint  is  required  to 
achieve  "diamondlike"  hardness. 


CONCLUSIONS 

We  have  used  NMR  spectroscopy  to  obtain  a  detailed  description  of  hydrogenated 
amorphous  carbon  films  formed  under  a  wide  range  of  conditions.  A  qualitative 
and  semiquantitative  connection  bettveen  local  atomic  coordination  and  macro¬ 
scopic  elastic  properties  can  be  made  through  random  covalent  network  concepts. 
We  conclude  that  the  elastic  properties  of  DLC  are  characteristic  of  a  random 
network  with  only  a  small  degree  of  overconstraint  and  that  the  hardness  of  DLC 
relative  to  non-carbon  materials  (e.g.  ceramics)  is  a  consequence  of  the  extreme 
stiffness  and  shortness  of  the  C-C  bond.  This  implies  that  very  much  harder 
networks  are  possible.  Given  the  observed  trend  toward  graphitic  clustering  to 
maintain  near-optimal  constraint,  the  ability  to  form  highly  constrained  all-fourfold 
networks  ("amorphous  diamond")  from  hydrocarbon  vapor  is  questionable. 
However,  there  is  evidence  that  hydrogen  free  networks  with  high  degree  of 
fourfold  coordination  can  be  deposited  from  a  ion  beams  of  roughly  100  eV 
energy.  This  is  the  same  energy  range  at  which  the  content  of  quaternary  carbon 
is  maximized  in  a-C:H.  [This  effect  is  explained  by  Lifshitz,  Kasi  and  Rabalais^^ 
in  terms  of  the  larger  atomic  displacement  energy  of  quaternary  relative  to 
graphitic  carbon  (80  vs.  25  eV).]  This  implies  that  in  the  absence  of  hydrogen,  a 
largely  four-fold  coordinated  carbon  network  may  indeed  be  realizable.  Given  the 
difficulties  of  inferring  atomic  structure  f^om  optical  spectra,  direct  measurements 
such  as  those  described  here  will  be  essential  in  determining  the  true  degree  of 
four-fold  coordination  in  these  new  materials. 
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APPENDIX 


Figure  3  also  shows  the  overall  sp^  ^’action  derived  from  our  NMR  results  (solid 
symbols)  and  measurements  of  several  other  investigators  (open  symbols).  These 
are  in  excellent  agreement  except  for  the  point  corresponding  to  the  =  1000  V 
film,  where  it  appears  that  has  been  slightly  overestimated  (i.e.  B  <  2).  This 
omission  of  aC-H  sites  results  in  an  underestimate  of  X^^  in  Fig.  2  and  hardness  in 
Fig.  3.  Also,  large  graphitic  clusters  are  not  really  the  points  by  which  they  are 
described  in  RCN  theory,  but  are  equivalent  to  pancake-shaped  voids  in  the 
connectivity  of  the  network.  Given  the  complexity  of  this  material  and  the 
simplifications  of  the  simulations  by  He  and  lltorpe,  interpretations  of  the 
quantitative  agreement  between  experiment  and  theory,  or  elaborate  corrections 
to  improve  that  agreement,  are  unlikely  to  be  meanin^l. 
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Figure  1.  a)  Atomic  fraction  of  hydrogen,  Xh.  as 
a  function  of  substrate  bias  voltage,  V^.  b)  Bias 
voltage  dependence  of  the  four  carbon  coordina¬ 
tion  fractions.  The  estimated  error  on  each 
fraction  is  ±0.05. 
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voltage  dependance  of  the  nano-indentation  hardness  of 
DLC  films  deposited  in  our  laboratory  (solid  circles)  and  elsewhm  (solid 
squares).'*  "nie  open  symbols  are  hardness  calculated  from  the  Eq.  2  for  all 
aioms(o),  with  gnqrfiitic  clusters  (open  squares)  and  quaternary  clusters(A). 


Hydrogen  Content, 

Figure  3.  Hydrocarbon  phase  dia^am,  modified  from  that  proposed  by 
Aiigus  md  Jansen.  The  solid  line  is  the  existence  curve  for  optimally 
constrained  random  twodcs  without  clustering.  The  dashed  curve  is  for 
random  netwodcs  Wi  .1  grqihitic  clusters.  Solid  symbols  are  our  NMR 
measurements,  open  symbols  are  NMR  results  £rm  o^r  laboratories. 
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ABSTRACT 

A  new  class  of  diamond-like  materials  have  been  synthesized,  consisting  of 
nano-composite  structures  of  Si-0  and  transition  metal  networks  imbued  in  a 
diamond-like  carbon  matrix.  The  two-networic  (a-C:H,  a-Si:0)  and  three-network 
(a-C:H,  a-Si:0,  a-Me)  structures  provide  mutual  stabilization,  which  prevents  the 
growth  of  graphitic  structures  at  high  temperatures.  The  composite  structures  have 
reduced  internal  stress,  resulting  in  enhanced  adhesion  to  a  wide  variety  of 
substrates.  The  materials  are  amorphous  and  do  not  contain  clusters,  and  the 
random  networks  are  bonded  to  each  other  mainly  by  weak  chemical  forces. 

In  metal  containing  nano<omposites,  the  conductivity  can  be  varied 
continuously  over  18  orders  of  magnitude  by  varying  the  concentration  of  metal 
atoms.  Conductivities  as  high  as  1(H  S/cm  have  been  achieved  with  W-containing 
films. 

INTRODUCTION 

Recently,  there  has  been  a  great  deal  of  work  devoted  to  synthesis  of  carbon- 
base  microcompositesi-3.  The  term  "composite"  is  typically  used  to  stress  that  the 
main  microstructural  feature  of  this  class  of  materials,  distinguishable,  e.g.  by 
electron  microscopy,  is  the  existence  of  regions  of  one  of  the  constituents  dispersed 
randomly  in  the  matrix  of  another.  In  the  dielectric  regime  such  microstructur^ 
inhomogeneides  (small  metallic  inclusions)  are  dispart  in  an  organic  matrix.  As 
the  metal  concentration  is  increased,  the  metal  inclusions  grow  and  form  a  maze 
network  (transition  regime).  At  this  percolation  threshold  most  of  the  characteristics 
of  the  material  change  abruptly.  As  the  relative  concentration  of  the  metaUic 
conqionent  is  further  incret^ed,  a  metallic  regime  is  fmally  reached,  and  the  material 
can  be  characterized  as  a  metallic  continuum  with  dielectric  inclusions.  In  diis 
respect,  plasma  polymer/metal  films  differ  from  diose  of  plasma  polymerized 
organometallics,  where  the  metals  ate  usually  dispersed  as  chemically  bonded 
atoms^. 

Considerable  amount  of  work  has  also  been  devoted  to  investigate  a- 
C:H/metal  composites,  including  the  amorphous  carbon-metal  composites  with  W 
and  other  heavy  transition  metalsS-^.  Typically,  metals  form  carbides  in  such  films. 
Weissmantel  et  al.8  produced  amoiphous  carbon  films  with  extremely  small  metal 
clusters.  However,  upon  annealing  above  1(X)0  °K,  a  segregation  of  small  carbide 
or  small  metal  ciystallites  was  observed.  The  presence  of  o^y  a  small  amount  of 
the  metal  (~3at%)  appeared  to  influence  the  microstiucture  of  the  metastable  carbon 
matrix,  which  exhibited  a  sharp  drop  in  microhardness  and  resistivity. 

Unintentional  clusters  destroy  the  local  symmetry  of  the  medium,  and  are  able  to 
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serve  as  active  centers  of  degradation.  A  key  problem,  therefore,  is  to  maintain 
uniformity  and  stability  of  the  matrix. 

Plasma  deposition  processes  take  place  at  exceptionally  high  rates  of 
relaxation  of  the  initial  particle  energy.  An  estimate  of  this  rate  can  made  by  taking 
into  account  the  upper  Umit  of  the  pamcle  ener^  which  can  be  elastically  dissipated 
by  the  crystal  lattice  (about  25  eV),  and  the  typical  time  of  this  dissipation  (10-ii  - 
10-‘2  sec).  In  principle  virtually  any  compositions  of  the  amorphous  nano¬ 
composites  can  be  produced  by  plasma-ion  deposition  techniques.  If  the  formation 
of  clusters  can  be  excluded  during  films  growth,  the  resulting  structure  has  high 
stability.  Minimizing  the  formation  of  clusters  in  the  sources,  in  the  primary  plasma 
and  in  the  chamber  during  film  growdi  is  essential  to  achieve  the  stable,  amorphous 
structure. 

SYNTHESIS  OF  DIAMOND-LKE  NANOCOMPOSITES 

We  have  synthesized  a  new  class  of  amorphous  diamond-like  materials 
which  consists  of  nano-composite  structures  of  Si-0  and  transition  metal  netwoiks 
imbedded  in  a  diamond-like  carbon  matrix.  The  two-network  (a-C;H,  a-Si:0)  and 
three-netwoik  (a-C:H,  a-Si:0,  a-Me)  structures  provide  mutual  stabilization,  which 
prevents  the  growth  of  graphitic  structures  at  high  tem^ratures. 

The  synthesis  of  the  diamond-like  nanocomposites  (DLN)  can  be  achieved 
by  codeposition  of  clusterless  beams  of  ions,  atoms  and/or  radices,  if  the  mean  free 
path  of  each  particle  species  exceeds  the  distance  between  its  source  and  growing 
Elm  surface.  This  excludes  inteiparticle  collisions  in  the  deposition  chamber,  and 
every  beam  contains  the  particles  in  a  well  defined  energy  range. 

We  have  developed  several  methods  of  two-network  DLN  depositions.  The 
most  effective  are  based  on  plasma  polymerization  of  organo-silicon  prcciusors, 
such  as  siloxanes,  by  ion  bombardment  (Ar+,  Kr+,  30-150  keV)  of  siloxane  vapor 
(about  3xl(H  torr),  and  by  plasma  enhanced  deposition  with  quasi  closed 
plasmatron  (0.3  •  5.0  keV)l0-l2.  in  first  case  the  self-stabilized  DLN  growth  is 
controlled  by  the  tunneling  relaxation  of  the  charge  of  the  adsorbed  radicals  through 
the  growing  dielectric  diamond-like  carbon  (DLC).  The  films  growth,  therefore, 
stops  at  6-8  nm.  DLN  films  are  extremely  uniform  and  non-porous  even  at 
thicknesses  as  low  as  3-5  nm. 

With  plasma  enhanced  deposition,  the  DLN  growth  is  stable  to  thicknesses 
of  at  least  10  iim.  A  specially  constructed  plasmatron  allows  direct  injection  of  high 
boiling  point  liquid  agents  into  the  active  plasma  regionio-12.  The  formation  of  the 
third  network  of  DLN  is  achieved  by  co-evaporation  and/or  sputtering  of  metals 
during  the  deposition  process. 

Substrates  are  placed  in  an  adjacent  chamber  on  a  multiposition  drum  which  ensures 
double  rotary  motion.  A  negative  RF  or  DC  potential  is  sq>plied  to  the  substrate 
during  the  deposition  process.  No  external  heating  is  required.  Substrates  are 
clean^  in  situ  by  plasma  etching  prior  to  deposition.  The  typical  values  of  some 
process  parameters  are:  discharge  power  of  750  W,  chamber  pressure  of  2  x  10-2 
Pa  and  ^wth  rates  between  1  and  3  microns/hour. 

A  special  method  has  been  developed  for  protection  of  biomaterials  and 
electronic  devices.  The  flow  of  the  neutral  radicals  with  optimum  kinetic  energy  is 
reflected  firom  a  high  voltage  target  and  is  directed  to  the  devices  to  be  coated.  This 
process  avoids  damage  to  tfic  devices  by  charged  or/and  fast  particles  during  the 
film  growth. 
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CX)MPOSmON  AND  STRUCTURE  OF  DLN  FILMS. 


Investigations  of  the  structure  and  chemical  bonding  of  DLN  films  have 
been  carried  out  by  glancing  X-ray  and  electron  diffriKtion,  electron  parama^dc 
resonance,  Auger  and  IR  spectroscopy,  differential  thermal  analysis,  transmission 
electron  microscopy,  atomic  force  microscopy,  electron  projection  and  Rutherford 
backscattering.  Tne  Aims  do  not  contain  areas  of  ordering  greater  than  that  defined 
by  one  third  of  the  radius  of  the  coordination  sphere,  llie  metals  are  distributed  as 
separate  atoms  or  as  a  separate  disordovd  network  and  all  three  interpenetrating 
networks  are  bonded  to  each  other  primarily  b)!  weak  chemical  forces. 

Analysis  of  comparative  chemical  activity  of  DLN  d^sited  under  different 
conditions,  yields  important  additional  information.  Annealing  of  DLN  in  air  at  700 
°C  removes  the  carbon  diamond-like  matrix  while  preserving  the  silicon  glass-like 
network.  Etching  of  DLN  in  HF  acid,  on  the  other  hand,  removes  the  Si-network, 
while  preserving  the  diamond-like  ca^n  matrix. 

ELECTRICAL  CONDUCTIVITV  OF  DLN  FILMS 

Many  of  the  main  electron  transport  mechanisms  >3  can  be  observed  in 
dielectric  and  intermediate  state  of  DLN.  The  electrical  conductivity  of  three- 
network  DLN  can  be  varied  over  a  wide  range  by  controlling  the  metal 
concemrationiA  A  variation  of  18  orders  of  magnitude,  from  10>4ohm-cm  to  10-* 
ohm-cm,  have  been  observed  with  W-containing  Aims,  as  shown  in  Agim  1.  At 
low  concentrations,  the  metallic  atoms  enter  the  unconnected  nanopcnts  in  the  DLC 
matrix.  The  diameter  of  the  nanopores  varies  from  about  2.8  to  33  A.  Upon  Ailing 
of  the  nanopores  (estimated  pore  volume  about  10  %),  the  W  enters  the  matrix  of 
the  Aim,  resulting  in  a  homogenous  distribution  of  moallic  and  dielectric  phases. 

Higher  concentrations  of  W  lead  to  the  fonnation  of  connected  networks 
and  metallic  conductivity  of  tiie  Alta  Similar  behavior  has  been  observed  with  other 
metals  as  weU.  It  should  be  pointed  out  that  carbide  formation  was  not  observed 
even  at  concentrations  of  transition  metals  as  high  as  50%. 

STABIUTY 

Extreme  stability  to  high  temperatures,  and  to  thermal  and  mechanical 
cycling  has  been  observed  with  din  Alms^f  Two  hour  exposure  to  Rowing  HQ  at 
temperatures  over  1250  °C,  and  immersion  in  various  inorganic  and  organic  liquid 
agents  have  shown  these  Alms  to  be  inq>ermeable  to  highly  aggressive  media. 

Experiments  on  the  detennination  of  Schottl^  lEode  chuacteristics  of  W- 
alloyed  DLNAjaAs  contacts  were  carried  out  after  annealing  at  850  "C.  Barrier 
heists  id  die  range  0.82-0.86  eV  were  observed,  and  the  amorphous  state  of  the 
DIJN  was  preserved.  Short-time  tests  (with  100  ps  pulses)  have  shown  that  DLN 
thermal  resistors  were  stable  after  2x103  pulses  maximum  tenperatures  above  750 
°C,  and  103  pulses  with  maximum  temperatures  above  1250  °C. 
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APPLICATIONS 


Hm  DLN  Aims  have  many  applications  as  both  protective  coatings  and  as 
electroactive  materials.  protective  coatings  have  the  properties  of  the  diamond¬ 
like  state,  while  at  tiie  same  time  provide  elasticity  and  virtually  stress-free 
interfaces  to  a  wide  variety  of  substrates.  DLN  films  have  strong  adhesion  to  any 
magnetic  disk  material,  while  traditional  DLC  coatings  require  special  adhesive 
sublayers  and  induce  the  internal  stress  in  tiie  active  layer  of  the  magnetic  disk. 

DLN  also  provide  the  possibility  of  self-lubricating  effects  by  control  of  the 
polymer  con^nent  in  the  surface  layer  of  the  protective  coating.  The  process  of 
DLN  deposition  does  not  influence  ^e  functional  paianteters  of  hard  disk  magnetic 
layers.  In  addition,  the  electronic  conductivity  of  DLN  eliminates  undesirable 
electrostatic  effects  during  the  deposition  and  running  of  coatings.  More  than  30 
000  start-stop  cycles  without  any  observable  change  has  bean  demonstrated  with 
films  of  25-40  nm  thicknessi^.  DLN  films  are,  therefore,  particularly  interesting 
for  developing  high  density  hard  disk  technology  with  a  distance  between  the  head 
and  the  magnetic  medium  in  the  250  nm  range. 

Thm-network  films  containing  heavy  transition  metals,  such  as  W,  can  be 
used  as  Schottky  barrier  contacts.  Extremely  stable,  low  leakage  current,  ^hottky 
barrier  contacts  have  been  formed  between  three-network  W-containing  nano¬ 
composite  films  and  Si  and  GaAs.  Barrier  heights  and  ideality  factors  of  0.82-0.86 
eV  and  1.2- 1.5  respectively  for  GaAs,  and  reverse  breakdown  voltages  in  excess  of 
25  V  with  GaAs  and  100  V  with  Si  have  been  measured.  These  values  are 
comparable  with  those  quoted  for  the  best  refractory  metals,  nitrides  and  silicides. 
The  DW  films  have  additional  potential  applications  as  insulating,  passivating  and 
protecting  films  in  Si  and  GaAs  MIS  structures,  as  optically  transparent  protective 
windows  for  GaAs  opto-electronic  circuits,  and  in  self-aligned  FET  technologyis. 

W-containing  DLN  have  also  shown  to  have  the  highest  stability  reported  as 
thermal  resistors  for  ink-jet  printers.  DLN  thermal  resistors  were  stable  to  2x10^ 
shock  pulses  with  maximum  teinterature  above  700  ®C,  and  10®  pulses  with 
maximum  ten^eratures  above  1250  ®C. 

MimUological  and  clinical  tests  have  demonstrated  a  high  degree  of 
bioconqtatitttlity  of  two-netwotk  DLN,  witit  applications  as  protective  coatings  for 
improved  orthopedic  devices  and  biomaterials,  surgical  tools,  an^cial  ittq>lants  and 
implantable  electronic  devices.  Microbiological  tests  have  shown  exertional 
inertness  to  different  cultures  and  tissue.  Both  plastic,  metallic,  and  combined 
stomatological  implants  have  been  {^tected  by  DLN.  In  all  cases,  undesirable  side 
effects  associated  with  the  inqtlantation  were  dramatically  reduc^  particularly 
during  the  period  of  adaptation. 

CONCLUSIONS 

Atomic  scale  self-stabilized  amorphous  composites  a-(C:H,  Si:0)  and  a- 
(C:H,  Si:0,  Me)  define  a  new  class  of  materials  with  a  unique  combination  of 
electrical,  chetmeal  and  mechanical  properties.  The  combination  of  dielectric  and 
nwtallic  states  in  the  same  DLN  structure  preserves  the  main  properties  of  the 
diamond-like  state,  while  providing  enhanced  stability  and  adherence  to  a  wide 
variety  of  substrates. 
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Tlw  combination  of  diamond-like  and  dectroactive  properties  opens  entirely 
new  possibilities  for  {plications,  such  as  Schottky  barrier  contacts,  protective 
coatings  for  integrated  circuits,  anti-static  protective  coatings  for  haid  disks,  thermal 
resistors  for  ink-jet  printers,  anti-corrosion  coatings  and  protective  coatings  for 
Inomechanical  irr^lants. 

Atomic  s|^e  composites  can  be  considered  as  complimentary  rrtaterials  to 
classical  crystalline,  amo^hous  and  composite  materials.  This  opens  the 
possibility  of  creating  organized  structures  and  devices  in  continuous  amorphous 
media. 
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Abstract 

The  otdective  is  to  demonstrate  that  Physical  Deposition  (PD)  has  signilicant 
advantages  over  Chemical  Vapor  Deposition  (CVD)  and  Plasma  Enhanced 
Chemical  Vapor  Deposition  (PECVD).  Evolution  of  the  technology  and 
nomenclature  will  be  desctlb^  We  know  of  techniques  that  are  able  to  produce 
artifldal  diamond  material  in  pound  quantities,  and  at  a  very  low  cost  per  pound. 
Growth  rates  are  20,000  microns/second.  Low  cost  artificial  diamond  material  can 
then  be  used  to  fabricate  larger  ^amond  structures  and  to  grow  large  area 
diamond  llims.  Basic  advantages,  advances,  and  applications  of  the  various 
Physical  Deposition  processes  will  be  discussed. 


■Technolony 

A  brief  analysis  of  the  evolution  of  artificial  diamond  material  and  hard  carbon  technology  can 
provide  understanding  to  aid  in  developing  future  improvements  and  important  applications.  Even 
more  important,  it  is  desirable  to  be  aware  of  future  developments  and  potential  developments  in 
order  to  try  to  avoid  surprises  that  could  have  a  large  effect  on  the  usefulness  and 
commercialization  of  current  artificial  diamond  technology. 

There  are  two  mqjor  types  of  diamond  deposition.  One  is  produced  by  physical  deposition  and 
the  other  is  produced  by  cherolail  vapor  deposition.  Many  different  names  are  used  for  the  various 
processes  aud  forms  of  artificial  diamond  material,  and  this  can  be  confusing  and 
counterproductive. 

As  was  shown  in  15171,  physical  deposition  has  the  advantage  of  permitting  deposition  of 
artificial  diamond  on  co  or  cold  substrates,  about  10  °C  to  40  °C  above  ambient,  and  even  on 
surihees  at  liquid  nitroge  i  temperatures  (1,2).  This  permits  deposition  on  a  wider  range  of 
substrates,  including  plastics.  Physical  deposition  can  involve  combinations  of  various  factors;  high 
vacuum,  inert  gas.  Ion  beam  deposition.  Ion  assisted  deposition,  sputtering  sources,  thermal 
evaporation  sources,  e>beam  evaporation  sources,  laser  evaporation  sources,  plasma  deposition. 
Plasma  processes  can  use  dc,  rf,  and  microwave  plasma  sources  and  diode,  triode,  or  similar 
electrode  configurations. 

Chemical  vapor  deposition  Involves  hot  substrates  and  therefore  limits  the  types  of  substrates 
that  can  be  used.  The  substrates  must  be  able  to  survive  deposition  temperatures  of  hundreds  of 
degrees  up  to  about  1,000  °C.  Chemical  vapor  deposition  involves  combinations  of  various  factors; 
hydrocarbon  gas  plus  extra  hydrogen  (to  be  partially  converted  into  atomic  hydrogen),  surface 
decomposition,  plasma  decomposition,  microwave  plasma,  electron  cyclotron  resonance  (ECR),  and 
hot  substrates  to  drive  out  excess  hydrogen.  The  atomic  hydrogen  and  hot  substrates  result  in 
artificial  diamond  with  very  little  hydrogen  impurities.  Other  gases  such  as  fluorine,  oxygen,  or 
chlorine  in  the  atomic  form  can  be  used  to  assist  or  substitute  for  atomic  hydrogen. 

For  cold  substrates,  another  form  of  carbon  results  from  plasma  activated  deposition  where  the 
gas  pressure  is  not  low.  Because  of  low  mean  free  path,  the  Ions  and  carbon  atoms  arrive  at  the 
cool  substrate  with  lower  kinetic  energy.  Examples  of  plasma  sources  are  magnetron  sputtering 
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aoureet,  m  well  u  dc  aod  rf  plaioui  sources  using  diode,  triode,  or  simitar  electrode 
conilguniloas.  The  plasma  or  sputtering  gases  can  include  added  hydrocarbon  gases  such  as 
methane  or  acetylene.  Because  of  the  higher  gas  pressures  and  relatively  low  substrate 
temperatures,  much  of  the  background  gas,  particularly  the  higher  pressure  hydrogen,  may  be 
incorporated  into  the  resulting  fllm.  Resulting  hard  carbon  films  are  sometimes  called 
hydrogenated  carbon  or  amorphous  carbon. 


FbwIal.PtiiwWw 

Physical  deposition  of  diamond  films  using  low  pressure  physical  deposition  was  developed, 
demonstrated,  and  dmcribed  hy  Aisenberg,  ct  al.  In  1971  (3).  This  ion  beam  process  and  the 
properties  of  the  resulting  artificial  diamond  carbon  films  were  independently  confirmed  by 
Spencer  and  Schmidt  in  1976  (4).  These  films  were  shown,  by  x>ray  dlilkactton  and  other 
meunrements,  to  be  that  of  diamond  with  nanometer  crystal  order,  and  had  many  other  properties 
similar  to  that  of  diamond.  Therefore  this  material  was  initially  named  diamond-like  carbon 
(DL€)  (3,4).  The  diamond-like  carbon  material  was  a  result  of  the  initial  work  of  Aisenberg,  et  al. 
as  part  of  a  NASA  contract  to  develop  and  demoiistrate  the  use  of  ion  beams  to  fabricate  thin  film 
field  elTect  transistors  and  was  described  in  more  detail  In  a  1968  contract  report  (5). 

These  early  carbon  films  were  named  dlamond-like  carbon  (OLC)  because  although  they  did 
not  produce  huge  crystals,  it  was  shown  by  x-ray  studies  that  they  consisted  of  nano-crystals  with 
sizes  of  about  SO  An^troms  to  100  Angstroms  (3,4).  They  are  now  sometimes  also  called 
amorphous  carbon  even  though  they  had  a  nano-crystal  structure  and  properties  similar  to 
diamond. 

The  pioneering  papers,  published  In  1971  (3)  and  in  1976  (4)  described  the  use  of  physical 
deposition  of  hard  carbon  films  using  ion  beam  deposition,  and  without  the  need  for  hydrogen 
components  or  for  hot  substrates.  In  ton  beam  deposition,  carbon  atoms  were  released  into  an 
argon  plasma  by  carbon  sputtered  from  graphite  electrodes.  Some  of  the  carbon  was  ionized  and 
was  extracted  along  with  argon  ions  Into  a  low  pressure  (lE-5  Torr)  deposition  chamber  where  the 
deposition  substrate  (at  essentially  room  temperature)  was  biased  negatively  with  a  bias  ranglDg 
from  -40  eV  to  *100  eV.  The  average  energy  of  the  deposited  carbon  material  is  very  high  and  this 
permits  non-equilibrium  processes. 

The  initial  ion  beam  deposition  was  subsequently  shown  to  involve  ion  assisted  deposition  (6,7). 
It  was  able  to  grow  artificial  diamond  material  films  at  a  rate  of  about  1  A/second  or  036  microns 
per  hour  (2). 

Apparently  the  name  of  dlamond-like  carbon  is  now  used  for  other  forms  of  hard  carbon  with 
significant  amounts  of  hydrogen  (from  about  30%  to  50%  hydrogen.)  As  a  result  it  is  suggested, 
based  upon  current  terminology,  that  a  more  descriptive  and  appropriate  name  for  the  results  of 
the  Initial  work  on  physical  deposition  described  la  1971  and  1976  shall  now  be  termed  Artificial 
Diamond  Material  (ADM)  or  alternately,  nano-diamond  material,  or  nano-crystalline  diamond. 

The  properties  of  the  resulting  carbon  films  were  very  similar  to  that  of  diamond,  including 
high  electrical  resistlvlly,  optical  clarity,  and  crystal  structure.  Other  properties  of  the  initial 
artlSrial  diamond  mati^  (including  composition,  dielectric  constant,  mechanical  properties, 
density,  low  friction,  and  wear  resistance)  were  measured  and  reported  (6)  to  be  very  similar  to  that 
of  natural  diamond.  At  that  time,  Raman  spectroKopy  was  not  considered  or  used. 

A  key  feature  of  the  ion  beam  process,  (responsible  for  the  diamond  like  properties)  is  the 
associate  ion  assisted  deposition  process  which  was  described  and  explained  in  1973  {6)  and  also 
in  a  patent  issued  in  1976  (7).  Additional  details  are  provided  in  several  recent  papers  (8,9). 

Details  about  related  deposition  technologies  are  also  provided  in  'Plasma  Deposited  Thin  Films' 
(10).  The  ability  to  deposit  at  low  pressures  is  also  important  since  the  long  mean  free  path  of  the 
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carbon  atomst  aa  well  ae  of  the  carbon  and  argon  ions,  means  that  the  carbon  atoms  on  the  surfhce 
arc  veiy  energetic  and  are  better  able  to  form  sp^  bonds.  Also  the  energetic  surface  atoms  and  tons 
(carbon  and  aigon)  are  able  to  remove  surfime  Impurities  such  as  sp^  (graphitic)  carbon  and 
snrihee  gas  atoms,  preferentially  leaving  sp^  carbon.  The  dim  adhesion  is  also  improved. 

It  Is  alto  possible  to  deposit  Impurity  free  artlflctal  diamond  material  by  sputtering  provided 
that  the  gu  pressure  is  low  enough  so  that  the  sputtered  atoms  and  associated  ions  have  a  large 
mean  bee  path  and  can  retain  much  of  their  energy  on  the  way  to  the  substrate.  \  low  deposition 
prestnre  also  permits  the  energetic  carbon  atoms  on  the  surface  to  retain  much  of  their  energy 
bccansc  there  are  less  gas  atoms  arriving  at  the  surface  to  collide  with  and  drain  energy  from  the 
energetic  carbon  surfhcc  atoms. 

High  temperature  substrates  are  not  always  needed  for  artindal  diamond  material,  and  in  fhet 
artUldal  diamond  material  can  be  deposited  on  cryogenic  temperature  substrates.  The  ability  to 
deposit  artllidal  diamond  films  by  low  pressure  sputtering  and  on  cold  substrates,  at  liquid 
nitrogen  temperatures,  was  demonstrated  by  Golyanov  and  Demidov  and  described  In  a  1977  U.S. 
patent  (11). 

A  paper  by  Golyanov  and  Grigoiyev  In  1974,  (2)  also  described  Ion  sputtering  deposition  of 
diamond  on  NaQ  substrates  at  liquid  nitrogen  temperature.  Deposition  rates  of  2  A  per  minute 
were  quoted  and  coatings  of  10  A  were  obtained.  The  objective  apparently  was  to  produce  diamond 
substrates  suitable  for  use  in  electron  microscopy.  This  paper  can  be  considered  as  demonstrating 
the  physical  feasibility  of  physical  deposition  on  cold  substrates.  It  remains  to  find  ways  to 
increase  the  deposition  rates  and  areas  for  other  applications.  It  may  be  difllcult  to  find 
applications  where  deposition  on  cryogenicaliy  cooled  substrates  is  uniquely  benencial  and 
practical. 

In  a  1977  U.S.  patent,  Golyanov  and  Demidov  described  a  device  to  produce  artillcial  diamond 
coatings  or  films  by  sputtering  of  graphite  cathodes  (1).  In  a  chamber  with  a  base  pressure  of 
1E>10  Torr  or  less,  they  sputtered  carimn  using  krypton  at  a  deposition  pressure  of  lE^  Torr  to 
lE-5  Torr.  This  low  deposition  pressure  resulted  in  a  long  mean  free  path  and  a  low  rate  of 
background  gas  arrival  on  the  substrate  along  with  the  depositing  carbon.  This  aided  in  the 
surface  formation  of  carbon  with  the  desired  sp^  diamond  bonds  and  with  less  of  the  graphitic  sp^ 
bonds,  and  without  the  need  for  a  hot  substrate. 

In  early  work  to  investigate  various  ways  to  increase  the  deposition  rate  by  physical  deposition, 
Aisenbeig  showed  in  1971  that  deposition  rates  of  over  600  A/minute  (10  A/second  or  3.6  microns 
per  hour)  could  be  obtained  by  the  addition  of  20%  CH^  to  the  argon  gas  in  the  plasma  of  the  ion 
beam  source  (12).  This  method  added  another  and  larger  source  of  carbon  atoms  and  increased 
the  deposition  rate  on  cool^substratcs.  Because  of  the  addition  of  hydrocarbon  gas  to  the  plasma 
source,  there  was  probably  soum  hydrogen  included  In  the  resulting  films.  These  faster  deposited 
films  showed  many  of  the  interesting  and  useful  properties  of  the  earlier  hard  carbon  films, 
including  transparency,  high  reslstlrity,  hardness,  and  good  substrate  adhesion. 

This  work  can  be  considered  u  an  early  use  of  ion  assisted  chemical  vapor  deposition  (using  a 
plasma  decomposition  of  a  hydrocarbon  gas)  and  on  substrates  close  to  room  temperature.  Ibis 
early  work  was  not  published  (except  In  a  company  brochure)  (12)  and  was  not  continued  at  that 
time  because  the  objective  then  was  for  high  purity,  smooth,  artificial  diamond  films  for 
semiconductors  and  low  friction,  wear  resistant  applications. 

Apparently  an  important  factor  in  successfully  producing  artindal  diamond  material  is  surface 
carbon  atoms  with  average  energy  of  many  electron  volts.  If  the  carbon  is  deposited  at  a  rate  hster 
than  the  corresponding  surface  energy  can  be  provided  by  ion  bombardment,  then  the  ability  to 
form  a  preponderance  of  sp^  bonds  is  reduced  and  the  nim  quality  suffers.  The  ability  of  energetic 
Ion  bombardment  or  atomic  hydrogen  or  atomic  fluorine  to  preferentially  remove  sp^  graphitic 
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carbon  it  important  In  leaving  behind  the  tp^  diamond  bonded  carbon.  More  efflcient  producers  of 
Ions,  atomic  hydrogen,  atomic  chlorine,  or  atomic  fluorine  will  Improve  the  process  of  making 
artifldal  diamond  materials. 

Continued  work  in  Russia  using  physical  deposition  and  Ion  assisted  deposition  has  resulted  in 
processes  that  are  fhster  and  more  practical  than  CVD.  For  example,  30  micron  films  have  been 
produced  commercially  at  practical  rates  and  on  cool  substrates  (13,14).  Room  temperature 
deposition  rates  of  10  micron/hour,  over  hundreds  (about  200  to  700)  of  square  Inches  have  been 
obtained  (1344).  For  deposition  rates  of  10  mierons/bour  over  about  170  square  inches,  the 
calculated  costs  for  1  micron  thick  diamond  films  arc  about  $0.18/square  inch.  This  Includes 
equipment  depreciation,  labor,  overhead,  and  materials. 


Chemical  Vaiior  Denosltion 

Many  practical  appllcatioiu  will  require  faster  production  of  artlflcial  diamond  material  and 
over  laigw  snrihees.  The  deposition  rate  and  area  can  be  Increased  by  raising  the  pressure  and 
concentration  of  carbon  atoms  available  for  deposition.  This  led  to  chemical  vapor  deposition 
which  lakes  place  at  higher  pressures  and  with  very  hot  substrates. 

A  method  for  producing  micron  sixe  crystals  of  carbon,  without  hydrogen  residue.  Involves  very 
high  thermal  or  plasma  decomposition  of  hydrocarbon  gas,  together  ^th  deposition  on  very  hot 
substrates  (about  1,000  °C).  Atomic  hydrogen  is  apparently  responsible  for  the  removal  of 
graphitic  sp^  carbon  and  the  predominance  of  sp^  bonded  carbon,  while  the  very  hot  substrate 
removes  the  hydrogen  from  the  resulting  carbon  films.  The  need  for  hot  substrates  may  limit  the 
potential  appllcationt  of  this  method. 

Homoepltaxlal  growth  of  diamond  on  diamond,  and  heteroepitaxial  growth  of  diamond  single 
crystal  on  Silicon,  Molybdenum,  and  other  substmtes  has  been  reported.  Including  large  50  micron 
crystals  (16). 

Subsequent  extension  of  the  technology  by  Russian  and  Japanese  researchers  increased  the 
deposition  rate  significantly  by  the  introduction  of  substantial  amounts  of  hydrocarbon  gases  and 
through  the  chemical  vapor  deposition  (CVD)  process.  This  provided  a.i  increased  source  of 
carbon  atoms  and  hydrogen.  The  addition  of  large  portions  of  hydrogen  permits  the  formation  of 
atomic  hydrogen  which  is  responsible  for  the  preferential  removal  of  graphitic  sp^  carbon  from  the 
deposited  carbon  films. 

One  adverse  consequence  of  the  CVD  process  is  that  the  resulting  films  (now  commonly  called 
diamond'like  carbon)  can  have  large  amounts  of  hydrogen  (up  to  30%  to  40%),  which  is  not  a 
properly  of  true  diamond.  A  second  unfortunate  consequence  was  that  the  name  of  diamonddike 
carbon  (DLC)  was  corrupted  by  being  also  applied  to  the  hydrogenated  bard  carbon  material 
produced  by  the  low  temperature  CVD  process.  A  more  appropriate  and  accurate  name  should 
have  been  Oiamond>Uke  HydroCarbon  (DLHC)  or  even  Hydrogenated  Diamond-Like  Carbon 
(HDLC).  This  hydrogenat^  carbon  material  could  also  be  considered  as  a  hard  polymer  rather 
than  pure  diamond  material.  A  more  serious  consequence  of  CVD  was  the  reduced  development 
and  application  of  physical  vapor  deposition  since  CVD  appeared  to  have  some  advantages  over 
pbysi^  deposition. 

Other  gases  that  are  reactive  in  the  atomic  form  can  be  used  in  place  of  hydrogen.  One 
example  is  fluorine  where  atomic  fluorine  is  enected  to  be  more  readily  produced  and  more 
reactive  and  effective  In  removing  graphitic  sp^  carbon,  and  thus  can  permit  lower  deposition 
temperatures  to  be  used. 

Atomic  hydrogen  Is  produced  as  part  of  the  CVD  process  and  uses  the  fact  that  atomic 
hydrogen  is  very  reactive,  particularly  for  graphite,  and  less  reactive  for  diamond.  This  means  that 


the  graphitic  component*  in  the  depenited  fltm  are  removed  by  the  ntomlc  hydrogen  (under  proper 
condition*)  while  leaving  behind  carbon  In  the  desired  diamond  form. 

In  the  filament  aisleted  process  for  deposition  of  CVD  diamond,  a  hotter  filament  surface  (at 
about  2,000  °C)  produce*  flM  carbon  and  atomic  H,  which  then  deposit  on  a  substrate  that  is  also 
hot  (about  1^000 ^C)  but  Is  not  a*  hot  as  the  first  filament  surface.  Atomic  hydrogen  can  also  be 
produced  by  a  plasma.  Of  particular  Interest  arc  high  density.  Intense  plasmas  produced  by 
microwave  eneigy  and  a  magnetic  field,  with  the  plasma  Intensity  increased  by  operating  in  the 
cyclotron  resonance  (ECR)  mode. 

By  operating  at  higher  density,  and  at  close  to  atmospheric  pressure,  the  rate  of  deposition  can 
be  IncreaMd  by  order*  of  magnitude.  One  example  Is  the  attainment  of  fast  deposition  by  using  an 
acetylene  torch  or  a  plasma  torch.  Hirose  et  al.  have  described  the  growth  of  diamond  at  rates  of 
30  microns/hour  or  greater  using  a  combustion  flame,  and  Acetylene,  (C.H,),  and  very  hot 
substrate*  (IS). 


Propcrtlci 

The  following  are  some  of  the  Important  basic  properties  and  advantages  for  artificial  (and.  In 
some  cases,  natural)  diamond.  Combinations  of  these  properties  are  related  to  various  unique 
applications. 


Mechanical: 

Thermal: 

Electrical: 


Optical: 

Chemical: 


hard,  rigid,  smooth,  low  friction,  good  substrate  adhesion 
high  thermal  conductivity,  (5  x  copper) 
high  resistivity,  high  dielectric  constant,  high  breakdown 
voltage,  semiconducting  with  high  energy  gap  (5.1  eV), 
capability  of  high  power  density,  high  packing  density 
permitting  short  signal  propagation  dis'  -es  and  higher 
speed. 

transparent  from  uv  to  Ir,  high  Index  of  reiractlon 
resistant  to  acids,  bases,  and  solvents 


Physical  vapor  deposited  materials  have  better  properties  of  adhesion,  smoothness,  and 
uniformity,  and  particularly  pinhole  free  films. 


ADullcatlons 

There  are  a  number  of  factors  to  be  considered  when  determining  tbe  suitability  for  commercial 
applications  of  production  processes  and  the  resulting  artillcial  diamond  material:  do  tbe  processes 
work?,  are  they  practical?,  do  they  need  mqjor  investment  for  development?,  do  they  need  expensive 
equIpuKnt  for  production?,  are  there  better  processes?,  are  the  resulting  products  needed?,  and 
finally,  is  there  a  large  enough  market?  One  should  also  consider  the  patent  situation  and 
ownership  of  the  technology. 

Strong  adhesion  to  substrates,  hardness,  strength,  thermal  stability,  and  other  properties  of 
physically  deposited  artificial  diamond  coatings  suggest  novel  uses.  Potential  applicalions  and 
products  benefiting  from  the  special  properties  of  artificial  diamond  material  and  diamond-Ilke 
carbon  include:  cutting  tools,  Ending  tools,  low  friction  bearing  surfaces,  sliding  parts,  wear 
resistant  suriUces,  diamond  beat  sinlu,  diamond  semiconductors,  light  emitting  diodes,  laser 
diodes,  high  power  transistors,  integrated  circuits,  radome  coatings,  window  coatings,  bulk  diamond 
radomes,  bulk  diamond  windows,  thin  x-ray  windows,  thin  supports  for  x-ray  lithography,  coatings 
on  magnetic  disks,  coatings  on  optical  and  magnetic  heads,  protective  coatings  on  gems,  tarnish 
resistant  coatings  on  silver  and  Jewelry,  high  power  laser  mirrors  and  windows,  and  durable  mold 
release  coatings. 
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The  various  types  of  diamond  dims  have  dltferent  crystal  sizes;  Nano-dlamonds  (lOA-lOOA  and 
sulnnlcron),  Mlcro^Uamonds  (microns),  or  MacitHlIamonds  (millimeter  sizes).  Each  type  has 
dllTerent  surihce  roughness  and  this  has  an  elfect  on  suitable  applications.  For  example, 
micro'diamond  and  macro-diamond  dims  are  not  suitable  for  baring  or  sliding  surfaces  unless 
expensive  polishing  steps  are  used  to  produce  smooth  surfaces  after  the  deposition.  Physical 
deposition  producing  uano-dlamonds  has  an  advt.ntage  for  mechanical  applications  because  of 
better  adhesion,  better  smoothness,  and  low  temperature  deposition.  Physical  deposition  of 
nano-dlamottd  dims  can  provide  Important  protection  of  optical  components. 

The  most  Important  opportunities  for  diamond  dim  materials  will  be  potentially  in  electronics, 
particularly  If  one  realises  that  when  properly  used,  single  crystals  are  not  a  requirement  This  Is  a 
controversial  statement,  but  should  be  seriously  considered.  For  example,  poly-crystalllne  or 
amorphous  silicon  is  successhilly  used  for  electronic  devices. 

Electronic  applications  will  include  diamond  ceramic  substrates  for  heat  sinks,  for  thermal 
control,  and  for  diamond  semiconductors  and  diamond  integrated  circuits.  Special  semiconductor 
capabilities  Include  high  power  dissipation,  high  temperature,  high  device  density,  short 
propagation  distances,  and  radiation  resistance. 


Practical  Reoulrements 

The  following  betors  Involved  in  the  fabrication  of  artifleial  diamond  material  will  have  an 
important  effect  on  the  practicality  of  various  applications:  diamond  properties,  fast  deposition 
rates,  large  deposition  areas,  good  substrate  adhesion,  acceptable  substrate  temperature,  suitable 
substrate  texture,  diamond  deposition  texture,  low  or  no  graphitic  Impurities,  doping  with  desired 
additives,  and  low  hydrogen  content  Diamond  with  30%  to  50%  hydrogen  content  Is  really  a  bard 
hydrocarbon. 

Physical  deposition  with  proper  equipment  can  provide  fast  deposition,  large  area  coverage, 
good  adhesion,  smooth  surihm,  and  can  wok  on  low  temperature  substrates.  CVD  will  provide 
fast  deposition,  limited  area  coverage,  rough  surfaces,  poorer  adhesion,  and  requires  substrates 
that  can  take  li%h  temperatures. 

The  costs  should  be  acceptable  for  the  application.  Costs  are  determined  by  the  following 
factors:  electricity,  gases,  capital  equipment  depreciation,  maintenance,  labor,  overhead,  and  Anally 
yield  of  suitable  material.  Based  upon  personal  experience,  commercial  costs  tor  ECR  (Electron 
Cyclotron  Resonance)  deposlAon  is  $63.00/square  inch  and  1  micron  thickness.  Our  analysis  of 
cost  suitability  for  commercial  applications  Indicates  a  current  cost  of  about  $5.00  per  device,  while 
the  commercial  market  will  need  a  cost  of  about  5  cents  per  device. 


f utuit  Twhnolwy 

While  CVD  of  syntheUc  diamond  material  is  tiie  technology  most  often  used  today,  especially  In 
the  U.S.,  other  approaches  such  as  PD  and  explosive  techniques  have  dellnite  advantages, 
depending  upon  the  end  applications.  There  are  apparently  technical  advances  by  U.SA.  and 
intemaUonal  workers  that  open  up  new  opportunities  not  known  to  many  others. 

Pinhole  free,  artifleial  diamond  films  ranging  in  thickness  from  200  A  to  10  microns  thickness 
have  been  deposited  at  room  temperature  on  almost  any  vacuum  suitable  material  and  with  good 
flim  adhesion.  Samples  can  be  provided  and  also  in  high  volume  production.  (14)  For  commercial 
applications,  areas  of  square  meters  can  now  be  coated  by  physical  deposition  (14). 

Based  upon  Insight  and  experience  involving  the  physics  and  technology  of  artificial  diamond 
materials,  the  technology  can  be  extended  into  many  new  and  surprising  practical  applications. 
Practical  applications  require  the  ability  to  grow  diamond  rapidly,  and  over  large  areas.  In 
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addlUoo,  the  abtUty  to  groir  the  dlamoad  material  on  relatively  cool  sobetratee  will  permit 
appiicatioaB  involring  inbatratcs  that  can  not  anrvive  very  hl^  temperatures. 

We  know  of  techniques  that  are  able  to  produce  artindal  diamond  material  in  pound 
quantities,  and  at  a  very  low  cost  per  pound  (14).  Growth  rates  are  20,000  mtcrons/second.  (14,17) 
lUs  low  coot  diamond  nmtcrial  can  then  be  used  to  fabricate  low  cost,  larger  diamond  structures 
(such  as  radomes  and  windows)  and  large  area  diamond  Aims. 

Recent  analysis  of  the  past  and  current  technology  of  artificial  diamond  has  resulted  in 
improvements  that  could  go  Ihr  beyond  the  present  state  of  the  art  The  emphasis  should  include 
practical  applications  of  artilicial  diamond  material.  Growth  from  the  liquid  phase  may  be 
technically  feasible  and  advantageous.  Various  approaches  can  lead  to  important  applications  and 
production  elllcicncy  that  will  advance  and  pouib^  obsolete  much  of  the  current  dc^opment  and 
application  work. 

Consideration  of  the  fendamental  physical  processes  Involved  in  successfel  production  of 
artificial  diamond  shows  that  aon>cquiliMum  process  are  important  Ion  beam.  Ion  assisted 
deposition  is  one  example.  Removal  of  graphitic  carbon  by  atomic  hydrogen  Involves 
non-cquIUbrinm  atoms.  Another  non-cquIllbrium  process  can  be  used  to  make  pounds  of  diamond 
powder,  quickly  and  at  a  remarkably  low  cost  (17).  Additional  processes  will  permit  these  low  cost 
powders  to  then  be  febricated  into  relatively  large  bulk  diamond  structures  at  costs  much  lower 
than  for  other  processes  we  are  aware  of.  Conversion  into  single  crystal  diamonds  using  simple 
techniques  are  being  considered.  Non*cqullibrium  process  permits  the  attainmrnt  of  high 
pressures  and  temperatures  (20  gigapascals  and  4000  K)  and  protects  diamond  lh>m  conversion  to 
graphite. 

By  extensions  of  these  technologies  it  Is  possible  to  explosively  and  Inexpensively  apply  diamond 
coating  to  a  wide  range  of  substrates. 

Some  of  the  priority  applications  for  the  low  cost  diamond  powder  and  low  cost  explosive 
physical  deposition  Include  artificial  diamond  radomes,  windows,  commercial  low  cost  heat  sink 
substrates  and  low  cost  cutting  tools.  Further  awny  are  new  advances  producing  very  low  cost 
diamond  semiconductors,  diamond  integrated  circuits,  diamond  electron  emitters,  and  diamond 
optical  sources. 

Unconventional  Impurity-free  electron  and  bole  doping  techniques  as  well  as  'soft*  annealing  of 
diamond  films  are  being  investigated. 

Summary 

Some  of  the  newer  Physical  Deposition  techniques  have  advantages  and  capabilities  that  can 
lead  to  Improvements  over  the  Chemical  Vapor  Deposition  processes  that  are  currently  being 
extensively  employed.  These  new  and  lower  cost  techniques  can  lead  more  quickly  to  Important  and 
practical  appUoitlons. 


### 
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VISIBLE  LIGHT  EMISSION  FROM  DIAMOND 
Alan  T  Collins 

Wheatstone  Physics  Laboratory,  King's  College  London, 
Strand,  London  WC2R  2LS,  United  Kingdom. 


Luminescence  is  a  valuable  tool  in  the  purely  scientific 
study  of  the  properties  of  diamonds.  It  is  also  important  in 
characterising  the  defects  present  in  a  given  sample,  and  in 
the  selecting  of  specimens  for  specific  applications.  In 
this  paper  the  major  processes  for  producing  visible  light 
emission  -  photoluminescence,  cathodoluminescence,  X-ray 
excited  luminescence  and  electroluminescence  -  are  reviewed. 
The  natures  of  the  vibronic  centres  responsible  fcr  the 
blue,  green,  yellow  and  red  photoluminescence  are  examined, 
and  the  excitation  of  diamond  by  an  electron  beam  (to 
produce  cathodoluminescence)  is  discussed.  Problems  with  the 
donor-acceptor  pair  model,  conventionally  used  to  interpret 
the  broad  blue  and  green  emission  bands  in  cathodo¬ 
luminescence,  are  outlined  and  the  fundamental  differences 
between  photoluminescence  and  cathodoluminescence  are 
presented.  Various  applications  are  considered  and  the  view 
is  re-stated  chat  diamond  light-emitting  diodes  are  unlikely 
to  be  successful. 


I  Introduction 

The  luminescence  from  diamond  has  been  studied  extensively  for  more 
than  forty  years.  Much  of  the  early  work  was  carried  out  using 
ultraviolet  radiation  (I),  X-rays  (2),  etc.  to  excite  the  luminescence. 
The  use  of  a  focused  electron  beam  (of  typical  energy  50  keV)  to 
stimulate  luminescence  in  diamond  was  pioneered  at  King's  College 
London  in  the  late  1950' s  using  first  a  converted  electron  microscope 
(3)  and  later  custom-built  cathodoluminescence  equipment.  Today 
scanning  electron  microscopes  with  a  cathodoluminescence  facility  are 
routinely  available,  and  lasers  are  frequently  used  to  generate  photo¬ 
luminescence  (sometimes  as  an  unwanted  effect  in  Raman  measurements; 
see,  for  example,  reference  (4)).  More  than  100  luminescence  centres 
have  been  documented  for  diamond,  spanning  the  spectral  range  from  230 
nm  (5.3  eV)  for  the  "edge  emission"  (5)  in  the  ultraviolet  to  around 
1000  nm  (1.2  eV)  for  the  "H2"  vibronic  band  (6)  in  the  near  infrared. 
Most  of  the  known  optical  centres  are  listed  either  by  Davies  (7)  or  in 
the  forthcoming  review  by  Clark  et  al  (8).  Many  of  the  emission  bands 
lie  in  the  visible  spectral  region  400  to  700  nm  (3.10  to  1.78  eV),  and 
will  be  considered  later  in  this  article. 
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2.  Defects  in  diamond 

Before  discussing  the  luminescence  bands,  we  need  to  consider 
briefly  the  defects  which  are  present  in  diamond.  The  perfect  diamond 
crystal  absorbs  strongly  at  energies  above  5.5  eV  (<  225  nm) 
corresponding  to  the  indirect  energy  gap,  and  has  weak  vibrational 
absorption  in  the  two-  and  three-phonon  combination  bands  between  about 
AOOO  and  1500  cm~^  (2.5  to  6.7  pm),  but  there  are  no  absorption  or 
luminescence  bands  in  the  visible  spectral  region.  No  crystal,  of 
course,  is  perfect  and  the  deviation  ^.om  perfection  results  in  the 
optical  systems  so  common  in  diamond.  The  defects  may  be  chemical  or 
structural,  or  a  combination  of  both,  and  are  briefly  considered  below. 

2.1  Nitrogen 

Nitrogen  is  by  far  the  most  common  impurity  in  diamond,  occurring 
in  concentrations  up  to  about  0.25Z  in  some  natural  stones.  A  recent 
description  of  nitrogen  in  diamond  has  been  given  by  Woods  (9),  and 
some  of  the  essential  points  are  briefly  reiterated  here.  In  type  la 
diamond  the  majority  of  the  nitrogen  is  present  in  either  the  A  form 
(a  nearest-neighbour  pair  of  substitutional  nitrogen  atoms)  or  the  B 
form  (four  nitrogen  atoms  on  substitutional  sites  symmetrically 
surrounding  a  vacancy).  In  type  Ib  diamond  the  nitrogen  is  present  on 
isolated  substitutional  sites.  Very  few  natural  diamonds  are  of  this 
type,  but  all  commercial  synthetic  diamonds  (produced  by  high-pressure 
synthesis)  are  type  Ib,  containing  around  200  ppm  of  nitrogen.  The 
different  forms,  and  concentrations,  of  nitrogen  may  be  determined  from 
the  impurity-activated  one-phonon  absorption,  most  of  which  lies 
between  1350  and  800  cm~l  (7.5  to  12.5  pm).  Nitrogen  is  also  the 
dominant  impurity  in  type  Ila  diamonds,  although  it  is  present  in  too 
low  a  concentration  to  be  detected  by  infrared  absorption.  It  is  also 
difficult  to  measure  the  one-phonon  absorption  for  thin  films  of 
diamond  grown  by  chemical  vapour  deposition  (CVD),  but  the  evidence 
discussed  below  shows  that  when  this  material  contains  nitrogen  most  of 
it  is  on  isolated  substitutional  sites. 

The  isolated  nitrogen  and  the  A  nitrogen  both  have  donor-like 
properties  with  ionisation  energies  around  1.7  and  4.0  eV  respectively 
(10),  but  there  is  no  evidence  that  the  B  nitrogen  behaves  as  a  donor. 


2.2  Boron 

When  boron  is  the  major  impurity  in  diamond  the  material  is 
slightly  semiconducting.  The  properties  of  semiconducting  (type  lib) 
diamond  have  been  reviewed  by  Collins  and  Lightowlers  (10),  and 
discussed  again  more  recently  in  the  context  of  electronic  and  opto¬ 
electronic  devices  (11).  Natural  semiconducting  diamond  is  rare,  and 
typically  has  an  uncompensated  boron  concentration  of  5  x  lO^^  cm~3. 
Semiconducting  synthetic  or  CVD  diamond  may  readily  be  made  by  doping 
with  boron  (and  excluding  nitrogen),  and  much  higher  acceptor 
concentrations  can  be  obtained  than  in  natural  diamond.  The  acceptor 
ionisation  energy  is  0.37  eV  and  only  around  0.2Z  of  the  acceptors  in  a 
typical  natural  specimen  are  ionised  at  room  temperature. 
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2.3  Radiation  damage  products 

When  diamond  is  subjected  to  radiation  damage  by,  for  example, 
high-energy  electrons  or  fast  neutrons,  some  of  the  carbon  atoms  are 
displaced  into  interstitial  positions,  leaving  a  vacancy.  For  annealing 
temperatures  above  about  SSO'C  the  vacancy  becomes  mobile,  and  can  be 
trapped  at  other  defects  in  the  crystal.  This  gives  rise  to  a  number  of 
optical  centres  having  absorption  and  luminescence  bands  in  the  v'^ible 
region.  Centres  which  are  formed  at  lower  annealing  temperatures  are 
presumed  to  involve  the  interstitial. 


2.4  Ion  implantation 

Most  of  the  luminescence  centres  produced  by  irradiation  with 
high-energy  electrons  or  fast  neutrons  are  also  generated  by  ion 
implantation.  However,  some  ions  (e.g.  Ni,  Zn,  Ag,  Tl,  Si)  produce,  in 
addition,  unique  luminescence  bands  (12). 


2.5  Dislocations 

Optical  centres  may  form  in  the  vicinity  of  slip  lines,  stacking 
faults  and  growth  planes.  In  some  cases  the  optical  centres  are  the 
same  as  those  produced  by  radiation  damage  and  annealing  (13),  and  can 
be  understood  simply  in  terms  of  the  trapping  of  vacancies  and 
interstitials.  In  other  cases  the  slip  lines,  or  extended  defects  such 
as  platelets  (discussed  in  reference  9)  appear  to  be  "decorated"  and 
give  rise  to  characteristic  emission  bands  (14). 


3  Excitation  of  luminescence 

With  the  exception  of  the  "band  A"  luminescence  to  be  discussed 
below  in  section  4.1,  all  of  the  different  luminescence  bands  are 
associated  with  vibronic  centres.  These  centres  have  their  ground  and 
excited  energy  levels  situated  somewhere  in  the  forbidden  energy  gap 
between  the  valence  band  and  the  conduction  band  (figure  la).  The 
absorption  process  produces  a  sharp  zero-phonon  line  and  a  band  at 
higher  energy  (shorter  wavelength)  as  shown  in  figure  Ibj  in 
luminescence  a  sharp  zero-phonon  line  and  a  band  at  lower  energy  are 
observed  (figure  Ic). 


3.1  Photoluminescence 

The  photoluminescence  process  is  the  simplest  to  visualise.  (We 
shall  assume  here  that  the  photons  used  for  excitation  have  an  energy 
less  than  the  bandgap  of  diamond,  so  that  no  electron-hole  pairs  are 
produced.)  The  optical  centre  is  excited  using  a  wavelength  lying  in 
the  absorption  band  (see  figure  lb);  after  a  short  time  the  centre 
relaxes  to  the  ground  state,  emitting  light  in  the  luminescence 
sideband.  Many  of  the  absorption  bands  in  natural  diamond  extend  into 
the  ultraviolet  spectral  region,  and  excitation  with  a  mercury  "black 
lamp"  (365  nm)  produces  blue,  green,  yellow  or  red  luminescence  in 
suitable  specimens. 
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If  the  diamond  contains  a  large  number  of  centres  that  emit  visible 
light  they  will  all  be  excited  to  some  extent  using  ultraviolet  illumi¬ 
nation.  However,  within  certain  limitations,  the  longer  wavelength 
bands  can  be  excited  selectively.  Suppose  we  have  two  optical  centres  I 
and  2  with  absorption  spectra  as  shown  in  figure  2.  Excitation  at 
wavelength  A  will  excite  both  centres  and  luminescence  will  be  observed 
from  each;  excitation  at  wavelength  B,  however,  will  only  excite  system 
2.  If  in  a  diamond  the  concentration  of  centre  2  is  very  much  less  than 
that  of  centre  I,  then  if  both  systems  are  excited  the  luminescence 
from  centre  2  will  be  completely  obscured  by  that  from  centre  1.  By 
adjusting  the  exciting  wavelength  the  luminescence  from  centre  2  can  be 
preferentially  excited,  and  its  spectrum  may  be  studied. 

It  is  clear  that,  in  order  to  produce  strong  luminescence,  an 
appreciable  fraction  of  the  exciting  radiation  must  be  absorbed; 
therefore  a  sufficient  concentration  of  the  relevant  optical  centre 
must  be  present  to  produce  that  absorption.  However,  weak  luminescence 
does  not  necessarily  mean  that  the  concentration  of  corresponding 
defects  is  low.  As  the  A  nitrogen  concentration  in  a  diamond  is 
increased  the  luminescence  from  the  H3  and  H3  centres  (see  below)  is 
quenched  because  of  a  non-radiative  transfer  of  energy  to  the  A 
nitrogen  (15).  As  we  shall  see,  most  of  the  optical  centres  in  diamond 
involve  nitrogen,  and  so  the  photoluminescence  may  be  weak  both  at  very 
low  and  at  very  high  nitrogen  concentrations. 

When  a  laser  is  used  to  excite  photoluminescence  the  Raman 
scattered  line  is  also  present  in  the  spectrum.  Since  the 
photoluminescence  and  Raman  scattering  intensities  depend  upon  the 
volume  of  the  crystal  excited,  as  well  as  the  intensity  of  the  exciting 
light,  the  ratio  of  the  phccoluminescence  intensity  to  the  first-order 
Raman  scatteriig  intensity  measured  in  the  same  spectrum  provides  a 
useful  semi-quantitative  technique  for  comparing  the  emission  spectra 
from  different  samples  and  after  various  treatments  (16). 


3.2  Cathodcluminescence 

Electron-beam  excitation  is  simply  a  very  convenient  method  of 
producing  a  high  concentration  of  electron-hole  pairs.  The  generation 
rate  of  a  typical  50  kV  beam,  at  a  current  density  of  0.0!  A/cm^,  is 
about  2  X  I0‘3  electron-hole  pairs  per  cm^  per  second  in  a  region  of 
the  diamond  about  9  to  18  pm  below  the  surface.  Cathodoluminescence  is 
a  "near-surface"  technique;  the  emitting  region  at  V  kilovolts  is 
located  (0.007  to  0.014)  x  V*'®25  below  the  surface  (17).  Electrons 
and  holes  may  recombine  in  a  variety  of  different  ways.  In  very  pure 
diamond,  the  electron  and  hole  recombine  directly  to  give  the  free- 
exciton  "edge  emission"  (5) ;  in  diamonds  containing  both  nitrogen  and 
boron  the  broad  "band  A"  emission  (see  below)  has  been  identified  as 
donor-acceptor  pair  recombination  (18),  and  problems  with  this  model 
are  discussed  later.  In  addition  many  (but  not  all)  vibronic  centres 
may  capture  an  exciton  and  subsequently  de-excite  producing 
luminescence.  The  luminescence  decay  time  of  many  optical  centres  in 
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diamond  is  very  short  (typically  10  to  SO  ns)  and  so  even  very  small 
concentrations  of  such  defects  can  produce  bright  cathodoluminescence. 
By  way  of  illustration,  if  we  assume  that  lOZ  of  the  electron-hole 
pairs  at  the  above  generation  rate  recombine  by  capture  at  a 
luminescence  centre  with  a  decay  time  of  20  ns,  the  concentration  of 
centres  required  is  only  3  x  10*^  cm"^.  This  is  quite  different  to  the 
situation  with  photoluminescence  where,  if  the  defect  concentration  is 
small,  the  amount  of  exciting  light  absorbed  is  small  and  the 
luminescence  is  weak. 

In  many  diamonds  non-radiative  traps  are  present,  and,  in  addition, 
the  same  comments  about  quenching  of  the  luminescence  by  A  nitrogen 
apply  as  for  photoluminescence.  In  general,  therefore,  the  brightest 
cathodoluminescence  is  obtained  from  relatively  pure  diamonds. 


3.3  Hard  ultraviolet  and  X-ray  excited  luminescence 

Electron-hole  pairs  may  also  be  produced  in  diamond  by  the 
absorption  of  electromagnetic  radiation  with  energy  greater  than  the 
band-gap  of  5.5  eV  (wavelengths  less  than  225  nm)  (I).  Laboratory 
sources  of  continuous  radiation  in  this  wavelength  region  (a  deuterium 
arc,  for  example)  are  rather  feeble,  and  lasers  such  as  the  ArF  excimer 
laser  at  193  nm  can  only  be  operated  in  the  pulsed  mode  at  a  low 
repetition  frequency.  Very  little  spectroscopic  work  ha?  therefore  been 
carried  out  using  these  methods  of  excitation.  At  X-ray  wavelengths 
diamond  is  relatively  transparent,  and,  with  a  sufficiently  intense 
source,  luminescence  (associated  with  the  recombination  of  electron- 
hole  pairs)  is  produced  throughout  the  bulk  of  the  diamond  (2).  Some 
diamonds  emit  an  incense  luminescence  when  placed  in  a  synchrotron  beam 
at  wavelengths  chosen  for  X-ray  topography  (19),  and  measurements  with 
interference  filters  (20)  have  shown  that  the  emission  spectrum  with 
the  diamond  at  room-temperature  is  similar  to  that  seen  in 
cathodoluminescence.  Once  again,  very  few  detailed  spectroscopic 
measurements  have  been  made  for  diamonds  excited  by  X-rays. 


3.4  Electroluminescence 

At  sufficiently  high  electric  fields  the  carbon-carbon  bond  in 
diamond  may  be  ruptured,  producing  electron-hole  pairs.  In 
semiconducting  diamond  this  field  may  be  produced  at  a  Schottky 
barrier,  and  blue  electroluminescence  was  first  observed  in  such 
diamonds  more  than  30  years  ago  (21).  High  voltages  applied  to  contacts 
deposited  on  insulating  diamonds  may  also  generate  blue  or  green  light, 
and  Prior  and  Champion  (22)  showed  that  the  bandshape  of  the  spectral 
emission  is  the  same  as  that  observed  in  cathodoluminescence.  More 
recently  blue  or  green  emission  has  been  observed  from  forward  and 
reverse  biased  Schottky  diodes  on  boron-doped  CVD  layers  (23,  24)  and 
again  the  electroluminescence  and  cathodoluminescence  spectra  have  been 
shown  to  very  similar  (23).  The  intensity  of  the  light  produced  by 
electroluminescence  is  relatively  low,  and  very  few  detailed 
spectroscopic  investigations  have  been  carried  out. 
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4.  Luminescence  spectra 

After  dealing  with  band  A  emission  (S4.1)  the  major  luminescence 
spectra  are  discussed  below  in  order  of  increasing  wavelength.  Because 
of  space  limitations  in  this  review  very  few  spectra  will  be  shown,  and 
the  original  references  will  need  to  be  consulted.  Note  that  most 
authors  do  not  correct  their  spectra  for  the  wavelength-dependent 
response  of  their  system,  so  detailed  comparisons  of  spectral  shapes 
are  not  always  possible.  The  zero-phonon  lines  of  all  the  optical 
centres  in  diamond  are  much  sharper  at  77K  than  at  room  temperature 
(7),  and  in  only  a  few  cases  is  any  further  sharpening  observed  on 
cooling  to  4.2K.  It  is  important  to  realise  that  the  energy  of  the 
zero-phonon  line  also  changes  with  temperature,  and  the  standard  values 
are  tabulated  at  77K  (7,  8);  some  spectra  in  the  literature,  however, 
have  been  recorded  at  room-temperature. 

4 . I  Band  A 

Band  A  is  the  most  commonly  observed  cathodoluminescence  emission 
from  diamond.  Figure  3  shows  typical  spectra  observed  from  natural  type 
la  and  Ilb  diamonds,  and  from  a  synthetic  type  lib  diamond.  The 
emission  from  the  latter  is  green,  whilst  that  from  the  natural 
diamonds  is  two  different  shades  of  blue.  Dean  (18)  suggested  that  the 
spectra  could  be  interpreted  in  terms  of  donor-acceptor  pair 
recombination.  If  a  donor  centre  and  acceptor  centre  are  in  close 
proximity,  the  extra  electron  on  the  donor  occupies  the  hole  on  the 
acceptor.  When  electron-hole  pairs  are  generated  in  the  sample  the 
donor  captures  an  electron,  the  acceptor  captures  a  hole  and  then  this 
electron  and  hole  recc  ii'.ne  releasing  energy  E  (in  eV)  given  by 

E  -  Eg  -  (Ea  +  Ep)  +  e/(4TtCr)  -  A/r^  (1) 

where  Eg  is  the  energy  gap,  Ea  and  Ej)  are  the  acceptor  and  donor 
ionisation  energies,  c  is  the  permittivity,  r  is  the  separation  of  the 
donor  and  acceptor  and  A  is  a  constant.  Dean  argued  that  random  strain 
in  the  diamond  would  broaden  the  discrete  lines  expected  from  equation 
]  into  a  band  and  that  in  natural  diamond  close-separation  pairs  pre¬ 
dominate,  resulting  in  blue  luminescence,  whilst  in  synthetic  diamonds 
the  pairs  are  more  diffuse  and  the  emission  occurs  in  the  green. 

When  Dean  proposed  this  model  it  was  believed  that  there  was  only 
one  possible  donor  with  an  ionisation  energy  of  4  eV,  and  indeed  the 
low  energy  limit  (as  r  W  in  equation  1)  of  the  band  A  emission  in 
synthetic  diamond  seemed  consistent  with  this.  However,  we  now  believe 
that  the  donor  ionisation  in  synthetic  diamond  is  about  1.7  eV  which 
should  result  in  a  donor-acceptor  pair  band  in  the  ultraviolet  region 
(10).  Furthermore  the  model  does  not  account  for  the  differences 
between  natural  type  la  and  type  Ila  diamonds  evident  in  figure  3. 

Data  on  CVD  diamond  cast  further  doubt  on  the  above  model;  it  was 
proposed  (18)  that  the  much  longer  growth  time  of  natural  diamond 
(compared  with  synthetic  diamond)  favoured  close  separation  pairs. 
However  both  green  and  blue  luminescence  are  observed  from  CVD  diamond 
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films  grovm  under  identical  conditions,  apart  from  accidental  boron 
contamination  in  the  case  of  green  luminescence  (25).  What  is  more, 
blue  cathodoluminescence  is  observed  from  the  small  {110}  growth 
sectors  of  synthetic  diamond  in  which  the  nitrogen  content  is  low  (26). 

In  natural  type  Ilh  diamond  (27),  and  in  undoped  CVD  diamond  films 
(23),  the  blue  luminescence  clearly  originates  from  dislocations,  and 
it  has  been  assumed,  on  the  basis  of  Dean's  model,  that  these 
dislocations  are  decorated  with  donor-acceptor  pairs  (27).  This  con¬ 
clusion  may  not  be  valid,  however.  Finally  we  note  in  this  section  that 
for  facetted  CVD  particles  both  the  blue  and  the  Kreen  luminescence  are 
much  stronger  from  the  (100}  faces  than  from  the  {111}  faces  (25). 

At  present  there  is  no  theory  which  accounts  adequately  for  all  of 
the  phenomena  described,  and  it  is  probably  better  to  use  the 
description  "band  A",  rather  than  "donor-acceptor  pair  recombination". 


4.2  The  3,188  eV  system 

The  3.188  eV  (388.8  nm)  system  is  observed  in  the  cathodo¬ 
luminescence  spectra  of  most  diamonds  following  radiation  damage  and 
annealing  (28),  and  the  vibronic  band  extends  into  the  visible  region. 
Many  as-grown  films  of  CVD  diamond  exhibit  some  3.188  eV  luminescence, 
and  in  the  study  by  Collins  et  al  (29)  it  was  much  stronger  in  the 
relatively  poor  quality  specimens  grown  at  high  methane  concentrations. 
Isotope  substitution  studies  (28)  have  shown  that  the  optical  centre 
involves  a  carbon  interstitial  and  a  single  nitrogen  atom.  Observation 
of  this  system  in  the  spectra  from  CVD  diamond  provides  unmistakeable 
evidence  that  the  material  contains  some  nitrogen. 


4.3  The  N3  system 

The  N3  system,  with  a  zero-phonon  line  at  415,2  nm  (2.985  eV)  is 
one  of  the  most  studied  vibronic  bands  in  diamond  and  is  responsible 
for  the  blue  emission  observed  in  samples  excited  by  a  mercury  "black 
lamp".  The  N3  centre  is  believed  to  be  three  nearest-neighbour  nitrogen 
atoms  on  a  {III}  plane  "bonded"  to  a  common  vacancy  (30).  The  intensity 
of  the  N3  absorption  band  is  correlated  with  the  intensity  of  the 
"platelet"  peak  at  1365  cm“*  (7.3  pm),  but  there  is  no  correlation  with 
the  concentration  of  A  or  B  nitrogen  (9,  31).  High  concentrations  of  A 
nitrogen  quench  the  luminescence,  so  that  many  diamonds  that  have  a 
substantial  N3  absorption  may  nevertheless  exhibit  no  blue  lumi¬ 
nescence.  In  cathodoluminescence  some  type  Ila  diamonds  and  many  type 
laB  diamonds  (those  type  la  diamonds  containing  mostly  B  nitrogen)  show 
an  N3  luminescence  band  superimposed  on  the  blue  band  A  emission. 


4.4  The  H3  and  H4  systems 

The  H3  and  H4  systems  with  zero-phonon  lines  at  503.2  and  496.0  nm 
(2.463  and  2.499  eV)  are  produced  in  type  la  diamond  by  radiation 
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damage  followed  by  annealing  at  temperatures  above  about  550°C  (32). 
Davies  and  Summersgill  (33)  have  shown  that  the  H3  and  H4  centres  are 
due  to  a  vacancy  trapped  at  the  A  form  and  the  B  form  of  nitrogen, 
respectively.  In  diamonds  with  relatively  low  concentrations  of  A 
nitrogen  (so  that  there  is  no  quenching  of  the  luminescence)  these 
centres  produce  bright  green  luminescence  when  the  diamonds  are 
illuminated  with  long  wave  ultraviolet  (365  nm) .  The  H3  centre  (and, 
very  rarely  the  H4  centre)  occurs  naturally  in  some  diamonds  (34). 

Both  centres  exhibit  strong  cathodolumine sconce  which  can  be  much 
brighter  than  the  blue  band  A  in  the  same  diamond.  There  is  a  sharp 
line  at  537.8  nm  (2.305  eV)  superimposed  on  the  H3  band,  and  correlated 
in  intensity  with  it,  which  is  absent  from  the  photoluminescence 
spectrum;  the  reason  for  this  is  not  known. 

Many  synthetic  diamonds  exhibit  intense  H3  cathodoluminescence  from 
the  {100}  faces  only,  and  Dodge  (35)  has  put  forward  a  model  to  explain 
how  small  concentrations  of  H3  centres  can  be  grown-in  during 
synthesis.  The  concentration  of  H3  centres  is,  however,  far  too  small 
to  detect  any  photoluminescence  with  365  nm  excitation  (36). 


4.5  The  484  nm  system 

Vfhen  cooled  to  77K  synthetic  diamonds  grown  using  a  nickel-based 
solvent-catalyst  emit  an  intense  green  cathodoluminescence  from  the 
(ill)  faces,  particularly  in  specimens  with  a  low  nitrogen  concen¬ 
tration  (37).  The  emission  band  has  a  complex  zero-phonon  multiplet  at 
484  nm  (2.56  eV).  The  system  can  also  be  observed  using  photolumines¬ 
cence,  but  only  if  the  exciting  wavelength  is  shorter  than  400  nm; 
unlike  most  vibronic  bands,  there  does  not  appear  to  be  any  absorption 
immediately  to  the  short-wavelength  side  of  the  zero-phonon  line  (38). 
For  both  photoluminescence  and  cathodoluminescence  the  emission  is 
quenched  as  the  temperature  is  increased  above  about  200K  (38). 


4.6  The  2.721  eV  system 

Some  as-mined  gem-quality  diamonds,  colour-graded  as  "brown" 
exhibit  a  bright  yellow  luminescence  when  excited  with  365  nm 
ultraviolet  radiation  (39).  This  is  produced  by  a  vibronic  band  with  a 
zero-phonon  line  at  2.721  eV  (455.5  nm)  and  a  maximum  near  2.3  eV  (540 
nm) .  Such  diamonds  invariably  have  a  featureless  absorption  band  with  a 
maximum  near  2.6  eV  (477  nm)  and  excitation  of  the  diamond  with  light 
lying  in  this  band  (using,  for  example  the  488  nm  line  from  an  Ar  ion 
laser)  produces  red  luminescence  (39)  in  a  broad  band  with  a  m^vimum 
near  1.8  eV  (690  nm) .  The  nature  of  the  defects  giving  rise  to  tuese 
luminescence  bands  is  not  known. 

In  cathodoluminescence  both  the  yellow  and  the  red  bands  are 
excited,  together  with  blue  band  A  and  a  multitude  of  zero-phonon  lines 
(40).  Under  certain  excitation  conditions  the  emission  therefore 
appears  almost  white. 
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4.7  The  575  nm  system 

Following  radiation  damage  and  annealing  most  diamonds  exhibit  some 
cathodoluminescence  in  a  system  with  a  zero-phonon  line  at  574.9  nm 
(2.156  eV).  The  emission  is  strongest  in  type  Ib  diamonds  which 
generate  an  intense  pink  or  orange  luminescence.  Plastic  deformation  of 
type  Ib  diamond  also  produces  this  emission  system  (41),  and  it  is 
frequently  observed  in  CVD  diamond  (29).  In  nitrogen-doped  thennal-CVD 
diamond,  and  some  material  produced  by  the  oxy-acetylene  flame 
technique,  the  575  nm  system  is  the  most  intense  in  cathodoluminescence 
spectra.  Collins  and  Lawson  (42)  have  reviewed  the  information 
available  on  the  575  nm  optical  centre,  and  conclude  that  it  is 
comprised  of  a  single  nitrogen  atom  and  a  vacancy. 

The  575  nm  centre  is  readily  excited  using  photoluminescence,  and 
is  responsible  for  the  pink  emission  observed  from  some  natural 
diamonds  with  long-wave  ultraviolet  illumination.  The  zero-phonon  line 
responds  relatively  rapidly  to  stress,  and  the  width  of  the  line  can  be 
used  to  estimate  the  random  stress  present  in  a  given  sample,  Collins 
and  Robertson  (43)  proposed  that  the  the  stress  S  in  GPa  can  be 
estimated  from  the  linewidth  W  in  meV  using  the  expression  S  ••  W/IO 
(this  is  equivalent  to  S  •  w/2.7  where  w  is  the  linewidth  in  nm) . 


4.8  The  1.945  eV  system 

The  major  absorption  band  produced  by  radiation  damage  of  type  Ib 
diamond,  followed  by  annealing  at  800‘’C,  has  a  zero-phonon  line  at 
1.945  eV  (637.2  nm).  The  1.945  eV  centre  has  been  shown  to  be  a  vacancy 
trapped  at  a  single  substitutional  nitrogen  atom  (44).  This  is  one  of 
the  major  centres  in  diamond  which  does  not  exhibit  cathodoluminescence 
(another  is  the  H2  centre  (6));  the  reasons  for  this  are  not 
understood. 

The  1.945  eV  system  has  been  observed  in  photoluminescence  spectra 
from  as-grown  CVD  diamond  produced  by  the  oxy-acetylene  flame  technique 
(45),  again  indicating  that  this  material  contains  significant 
concentrations  of  nitrogen.  The  width  of  the  zero-phonon  line  may  also 
be  used  to  estimate  the  random  stress  in  a  given  sample  ( 16)  using 
(with  the  notation  from  S4.7)  S  -  W/IO  or  S  «  w/3.3. 


5  Applications 

In  this  paper  we  have  reviewed  the  major  optical  centres  in  diamond 
that  give  rise  to  visible  light  emission.  Currently  accepted  models  for 
these  centres  have  been  discussed,  where  they  have  been  established. 
Many  other  luminescence  systems  in  the  visible  region  have  been 
documented  (7,  8)  but  either  occur  very  rarely,  or  make  only  a  minor 
contribution  to  the  total  light  emitted. 

Visible  luminescence  generated  by  X-rays  is,  and  in  the  forseeable 
future  will  remain,  a  major  technique  for  sorting  diamonds  at  the  mines 
(see  reference  46,  for  example).  We  have  discussed  in  this  paper  that 
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photoluminescence  and  cathodoluminescence  techniques  are  proving 
extremely  valuable  in  characterising  defects  in  natural,  synthetic  and 
CVD  diamond;  in  particular,  the  the  widths  of  zero-phonon  lines  can  be 
used  to  estimate  the  random  stresses  present  in  CVD  films  grown  by 
various  processes.  As  an  example,  figure  4  shows  the  cathodolumines¬ 
cence  spectrum  from  the  centre  of  a  specimen  grown  by  the  oxy-acetylene 
flame  technique;  the  luminescence  is  an  intense  blue  and  is  predomi¬ 
nantly  due  to  band  A.  There  are,  however,  a  number  of  sharp  lines  for 
which  there  is  no  explanation  at  present.  Near  the  outside  of  the 
sample  the  luminescence  is  pink,  and  is  dominated  by  the  S75  nm  system 
showing  that  significant  concentrations  of  nitrogen  are  present;  in 
this  region  the  linewidths  are  much  larger,  and  other  "unknown"  emis¬ 
sion  bands  appear.  Clearly  there  is  still  much  to  learn  about  flame- 
grown  diamond,  and  luminescence  spectroscopy  has  a  vital  role  to  play. 
[This  sample  was  grown  by  Kathy  Doverspike  and  kindly  made  available  by 
Jim  Butler,  both  of  the  Naval  Research  Laboratory,  Washington  DC.] 

The  growth  bands  in  natural  diamond  are  often  clearly  revealed  by 
cathodoluminescence,  and  Nishimura  (47)  has  shown  that  the  performance 
of  single-point  turning  tools  is  greatly  increased  if  these  regions  are 
avoided  near  the  cutting  tip  of  the  tool. 

We  have  drawn  attention  to  the  fact  that  blue  and  green  light  have 
been  produced  at  Schottky  barriers  on  semiconducting  samples  of 
natural,  synthetic  and  CVD  diamond.  However,  diamond  is  an  indirect-gap 
semiconductor,  so  Chat  the  conversion  of  electrical  power  to  visible 
light  is  inefficient;  furthermore  it  is  difficult  to  generate  a  high 
concentration  of  electron-hole  pairs  at  a  Schottky  barrier  (11). 
Light-emitting  devices  cased  on  diamond  therefore  seem  unlikely  at  the 
present  time. 
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Fig.  2  Representative  absorption 
spectra  of  two  optical  centres  1 
and  2.  Photoexcitation  at  wave¬ 
length  A  excites  both  centres,  but 
at  B  excites  only  centre  2. 
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Fig.  I  (a)  Simplified  energy 
level  scheme  for  a  vibronic 
centre,  and  representative 
spectra:  (b)  absorption  and  (c) 
luminescence. 
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Fig.  3  (above).  Band  A 
cathodoluminescence  at 
77K;  (a)  type  la  diamond 
(b)  natural  type  Ilb 
diamond  and  (c)  syn¬ 
thetic  type  Ilb  diamond. 


Fig.  4  (left).  Cathodo¬ 
luminescence  spectrum  at 
77K  from  the  central 
region  of  a  CVD  film 
grown  by  the  oxy-acety- 
lene  flame  technique. 
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ABSTRACT 

In  undoped  CVD  diamonds  formed  by  plasma  CVD  using  CO/H2,  the  free 
exciton  recombination  radiation  equivalent  to  that  of  natural  type  lib 
diamond  has  been  observed  1^  cathodoluminescence.  It  indicates  extremely 
high  (^stallinity  and  purity  of  the  CVD  diamonds.  The  luminescence 
intensity  correlates  with  the  amount  of  boron  doped  in  the  crystals.  The 
bound  exciton  is  a  measure  for  the  acceptor  concentration  in  semiconducting 
diamonds. 

INTRODUCTION 

Excitonic  recombination  radiation  has  considerable  information  concerning 
crystallinity,  impurities,  defects,  etc.  in  semiconducting  materials.  However,  in  diamonds, 
a  few  repels  on  the  edge  emissions  due  to  free  excitons  and  bound  excitons  have  been 
reponed  (1-4).  Studies  based  on  impurity  controlled  CVD  samples  have  been  limited 
(3,4).  In  this  study,  we  have  intensively  studied  the  relation  between  free  exciton  and 
bound  exciton  recombinations  in  uiidoped  and  boron-doped  CVD  diamonds  using 
cathodoluminescence  (CL)  at  liquid  nitrogen  temperature.  The  locations  of  emission 
regions  have  been  also  stuped  in  different  emission  energies  using  a  monochromatic  CL 
imaging  technique. 

EXPERIMENTAL 

Diamond  particles  and  polycrystalline  films  were  formed  by  microwave  plasma  CVD 
using  C0(5%)/H2  or  CO(15%)/H2  on  Si.  Tlie  substrate  temperatures  were  between  850- 
900°C.  Boron  was  doped  into  the  diamonds  during  the  de^sitions  using  B2H6  diluted 
with  H2.  The  boron/carbon  (B/C)  ratios  during  the  depositions  were  50-10^  ppm.  The 
electrical  conductivities  of  the  films  were  measured  by  the  4  point  probe  method.  The 
boron  concentration  was  measured  by  secondary  ion  mass  spectroscopy  (SIMS).  CL  was 
obtained  using  a  scanning  electron  microscope  with  an  accelerating  voltage  of  20  kV  and  a 

Srobe  current  of  5  x  lO""^  A.  The  sample  temperature  during  the  observations  varied  from 
0Kto200K. 

INDIRECT  EXCITON  RECOMBINATIONS  IN  DIAMOND 

Diamond  is  a  wide  band-gap  semiconductor  having  the  band-gap  of  5.5  eV  at  room 
temperature.  The  band  structure  is  very  similar  to  that  of  Si  in  the  sense  that  the  optical 
transition  dominantly  occurs  through  the  indirect  transitions  from  the  A  line  near  the  X 

point  of  the  conduction  band  to  the  F  point  of  the  valence  band.  In  natural  type  Ilb 
(semiconducting)  diamonds,  the  same  type  of  recombination  radiation  of  free  excitons  and 
bound  excitons  as  that  of  Si  has  been  observed  (1).  A  free  exciton  (Rg.  1(a))  is  an  electron 
and  hole  which  forms  due  to  coulombic  attraction.  An  ionized  or  neu^  acc^tor  attracts  a 
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&ee  exciton  to  form  a  bound  exciton  (Pig.  1(b)  or  (c)).  In  the  case  of  indirect  transitions, 
the  absorption  or  emission  of  phonons  is  inevitable  to  preserve  momentum  conservation. 
To  illustrate  indirect  recombination  radiation  of  excitons  with  the  emission  of  multiple 
phonons,  schematic  band  structures  of  diamond  superimposed  with  the  dispersion  curves 
of  phonons  are  shown  in  Fig.  2(a)  and  (b).  In  the  one  phonon  process,  the  energy  of 
enutted  photon  is 

hv  =  Eg  -  Ex  -  Ep 

where  EP  is  the  energy  of  phonon  emitted  to  satisfy  the  momentum  conservation.  Ex  is  the 
binding  energy  of  exciton,  and  Eg  is  the  band  gap.  A  transition  also  occurs  with  the 
emission  of  one  or  more  optical  phonons  at  (T  point)  in  addition  to  the  momentum 
conserving  phonon,  although  the  transition  probability  becomes  lower.  The  photon 
emission  energy  is 

hv  =  Eg  -Ex  -  Ep  -  nEop 

where  Eop  is  the  energy  of  the  k^O  (^tical  phonon  and  n  is  the  number  of  optical  phonons 
emitted  p«  transition.  The  peak  obtained  in  the  one  phonon  process  is  replicated  at  several 
low  photon  energies  (5). 

NATURAL  TYPE  lib  AND  UNDOPED  CVD  DIAMOND  PARTICLES 

The  photon  emission  spectrum  of  a  natural  type  lib  diamond  is  shown  in  Fig.  3  (a). 
The  emission  energies  of  peaks  A1  and  B1  are  5.30  eV  and  5.27  eV  respectively. 
According  to  E^q.  1,  they  are  Interpreted  to  be  due  to  free  exciton  recombination  radiation 
with  the  emissions  of  transverse  acoustic  (TA)  and  transverse  optical  (TO)  phonons  to 
conserve  the  crystal  momfc..nim.  'iTie  free  exciton  binding  energy  is  0.08  eV  (1).  Peaks 
B2  and  B3  arc  phonon  replicas  of  peak  B1  based  on  the  emission  process  shown  in  Eq.  2. 
Pe^  pi  (5.21  eV)  is  explained  by  the  bound  exciton  recombination  radiation  with  the 
emissiori  of  one  momentum  conserving  phonon  (TO  phonon  in  this  case).  The  emission 
process  is  the  same  as  that  of  the  free  exciton.  It  is  also  accompanied  by  phonon  replicas 
such  as  peak  D2.  The  difference  of  the  emission  energies  between  B1  and  D1  (0.06  eV)  is 
the  binding  energy  of  a  fitee  exciton  and  an  acceptor. 

In  the  undoped  CVD  diamond  particle,  the  intrinsic  components  due  to  the  free  exciton 
hpe  been  observed.  The  peak  positions  and  half  widths  of  the  spectrum  shown  in 
Fig.  3(b)  are  the  same  as  those  of  natural  type  Ilb  in  Fig.  3  (a).  The  spectrum  is  from  an 
isolated  5  pm  diameterparticle.  This  type  of  spectrum  is  reproducibly  observed  in  isolated 
particles  formed  by  CO/H2,  which  is  effective  in  suppressing  non-diamond  phase 
formation  (6).  The  extrinsic  components  due  to  bound  excitons  have  not  been  found, 
because  the  samples  are  not  intentionally  doped. 

The  area  of  the  free  exciton  recombination  radiation  has  been  visualized  by  a 
mortochromatic  CL  imue.  The  difference  in  luminescent  sectors  is  distinct  in  large 
particles  from  by  CC)(15%)/H2.  Fig.  4  (a)  and  (b)  show  an  SEM  image  of  a  40  pm  particle 
and  the  ('.orresponding  monochromatic  CL  image  of  the  5.27  eV  ±  0.01  eV  signal.  The 
emissions  arc  primarily  from  the  three  {100)  sectors  and  with  a  minor  contribution  from 
^  four  (111)  sectors.  In  general,  free  exciton  recombination  radiation  is  very  sensitive  to 
impurities  or  defects  introduced  during  the  growth  stage.  The  nonradiative  centers  decrease 
the  recomoination  radiation  and  are  concentrated  in  the  {111}  sectors  formed  with 
C0(15%)/H2. 
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BORON-DOPED  POLYCRYSTALLINE  CVD  DIAMOND  FILMS 

SIMS-measurements  reveal  that  the  amount  of  boron  in  the  polycrystalline  films  has  a 
linear  relationship  with  the  BA]  doping  ratios  during  the  depositions.  For  example,  boron 
concentrations  of  3x101'^  cm'^  and  3x101^  cm'^  have  been  obtained  from  the  doping  ratios 
of  B/C  K  10^  ppm  and  10*  ppm,  respectively.  The  effects  of  doping  from  B/C  =  SO  ppm 
to  103  ppm  shown  in  the  CL  spectra  of  Fig.  S.  In  addition  to  the  intrinsic  components, 
extrinsic  con^nents  due  to  bound  excitons  are  prominently  observed.  The  intensity  of  the 
main  peak  Dl,  increases  as  the  doping  ratio  increases.  On  the  other  hand,  the  intensity  of 
B1  is  almost  constant  to  10^  ppm.  The  B1  and  01  peaks  represent  the  characteristics  of  the 
intrinsic  and  extrinsic  components,  i.e.,  the  behavior  of  free  excitons  and  bound  excitons. 
Thus  we  shall  designate  B1  and  Dl  as  r«TO  and  BBto*  respectively. 

In  Fig.  6,  BEto/BBto  ratios  in  boron  doped  diamonds  are  correlated  with  the  B/C 
ratios  during  the  depositions.  The  BEto^Bto  ratio  increases  linearly  with  the  B/C  ratio  to 
103  ppm  and  almost  saturates  above  thiu.  The  electrical  conductivities  at  room  temperature 
have  a  linear  relationship  with  the  B/C  ratios,  as  shown  in  Fig.  7.  It  indicates  that  the 
acceptor  concentrations  have  a  linear  relationship  with  the  doping  ratios.  Thus,  the 
BEtcVFEto  ratios  obtained  from  low  ten^ieranire  photoluminescence  (7). 

The  saturation  of  BEto/FEto  above  B/C  ■  10^ Jppm  indicates  that  there  is  a  chan»  in 
the  environment  of  excitons  bound  to  acceptors.  The  CL  spectra  of  boron-doped  CVD 
diamonds  with  the  B/C  ratios  of  ICP  •  1(^  ppm  are  shown  in  Fig.  8.  As  the  dopant 
increases,  a  shoulder  emerges  at  the  low  energy  side  of  the  BEto  (pcalt  Dl).  In  B/C  =  10* 
ppm,  an  apparent  peak  at  5.1S  eV  is  observra.  The  same  tendency  has  biren  reported  in 
phosphorous-dop^  or  boron-doped  silicon  where  BEto  moves  to  lower  energies  as  the 
amount  of  the  impurities  increases.  The  phenomenon  has  been  explained  by  the  presence 
of  the  excitons  bound  to  two  donors  or  two  acceptors  located  nearby  (8).  Another 
interpretation  for  the  S. IS  eV  peak  is  that  a  direct  transition  from  the  bottom  of  the 
conduction  band  (k  «  0.8«2ita*l(100)  to  the  acceptor  (k  »  0)  (1).  The  probability  of  the 
process  is  negligible  when  the  acceptor  level  is  very  shallow  such  as  boron  in  silicon, 
because  an  indirwt  process  is  inevitable  to  preserve  momentum  conservation.  However  it 
becomes  dominant  in  deep  acceptors  like  indium  in  silicon.  Although  the  origin  of  the  peak 
at  S.IS  eV  is  not  identified  at  {msent,  it  is  certain  that  it  is  strongly  correlated  with  dense 
acceptors  in  CVD  diamwids. 

In  order  to  study  the  situation  of  excitons  bound  to  acceptore,  the  temperature 
dependence  of  BEto/FEto  has  been  in  Fig.  9.  Since  the  intensity  of  FEto  is  almost 
constant  from  80  K  to  140  K  in  the  boron  doped  samples,  BEto/FBto  simply  reflects  the 
variation  of  BEto-  The  degree  of  the  temperanire  dependence  in  the  B/C  =  SO  ppm  is 
estimated  by  an  activation  energy  of  25  noeV.  This  value  is  about  three  times  higher  than 
that  in  the  B/C  =  5  x  10^  ppm.  The  steep  slope  implies  that  bound  excitons  are  dissociated 
to  be  free  excitons  as  tenqrerature  increases.  The  high  concentration  of  acceptors  prevents 
these  excitons  from  being  free,  since  free  excitons  are  easily  attracted  to  other  acceptors 
before  they  recombine.  Thus,  the  BEto/FEto  mdo  in  heavily-doped  samples  is  not 
tenq)erature-dependent 
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Fig.  1.  Schematic  diagram  of  excitons.  (a)  a  free  exciton.  (b)  a  bound 
exciton  composed  of  a  free  ej.citon  bound  to  an  ionized  acceptor,  (c)  a 
bound  exciton  composed  of  a  free  exciton  bound  to  a  neutral  acceptor. 


Fig.  2.  Illustration  of  the  indirect  exciton  recombination  with  (a)  one 
momentum  conserving  phonon  emission,  (b)  one  momentum  conserving 
phonon  and  one  optical  phonon  emissions. 


423 


Photon  Energy  (eV) 


Fig.  3.  CL  spectra  of  edge  emissions 
from  diamonds  obtained  at  80  K. 

(a)  a  natural  type  Ilb  diamond. 

(b)  an  undoped  CVD  particle  formed 
with  C0(5%)/H2. 


10  fim 


Fig.  4.  (a)  SE  image  of  an  undoped  CVD  diamond  particle  formed  with 
C0(15%)/H2. 

(b)  Corresponding  monochronutic  CL  image  taken  with  5.27  eV  ±  0.01  eV 
signal  at  90  K. 
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Fig.  5.  CL  spectra  of  edge  emissions 
from  boron-doped  CVD 
polycrystalline  diamond  films 
observed  at  80  K.  The  films  were 
formed  with  CO(5%)/H2  and  4  (im 
in  thickness.  The  B/C  ratios 
during  the  depositions  were 
(a)  0  ppm,  (b)  50  ppm,  (c)  100  ppm, 
(d)  250  ppm,  (e)  500  ppm,  and 
(f)  10^  ppm. 


Fig.  6.  Emission  intensity  ratio 
BEto/FEto  in  boron-doped 
polycrystalline  diamond  films  as 
a  fucntion  of  doping  ratio  B/C. 


Fig.  7.  Electrical  conductivities  in 
boron-doped  filmes  shown  in  Fig.6 
as  a  function  of  doping  ratio  B/C. 
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Fig.  8.  CL  spectra  of  edge  emissions 
from  boron-doped  CVD 
poiycrystalline  diamond  films 
observed  at  80  K.  The  films  were 
formed  with  CO(5%)/H2  and  4  |im 
in  thickness.  The  B/C  ratios  during 
the  depositions  were 
(a)  10^  ppm,  (b)  2  x  10^  ppm, 

(c)  5  X  10^  ppm,  and  (d)  10^  ppm. 


Fig.  9.  Normalized  emission 
intensity  ratio  of  BExq/FEto  as 
a  function  of  temperature. 

The  ratios  BExo^Exo  are 
normalized  at  80  K  to  clarify 
the  temperature  dependence. 
The  B/C  ratios  during  the 
depositions  were 
(a)  50  ppm  and  (b)  5  x  10^  ppm. 
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SPATIALLY  AND  SPECTRALLY  RESOLVED  CATHODOLUMINESCENCE 
MEASUREMENTS  OF  CVD-GROWN  DIAMOND  PARTICLES  AND  FILMS 

l.awrence  H..  Robins,  Edward  N.  Farabaugh,  and  Albert  Feldman 
National  Institute  of  Standards  and  Technology,  Gaithersburg,  MD  20899 


ABSTRACT 

Spatially  and  spe  ^trally  resolved  cathodolumlnescence 
(CL)  was  used  to  Investigate  the  spatial  distribution  of 
luminescence  centers  In  CVD-grown  diamond  particles  and 
polycrystalllne  films.  For  single  particles  grown  at  a  low 
substrate  temperature  (nominally  650*  C) ,  one  of  the  two 
most  Intense  CL  bands,  the  2,156  eV  band,  was  found  to  be 
associated  with  (111)  facets.  The  CL  Image  of  the  other 
Intense  band,  the  2.85  eV  band,  showed  considerable 
partlcle-to-partlcle  variation  among  the  same  particles. 

The  Images  of  the  2.156  eV  and  2.85  eV  CL  bands  were  found 
to  have  a  complementary  relationship  for  some  particles.  A 
model  of  competing  recombination  centers  Is  proposed  to  help 
explain  these  results.  Cross-sectional  measurements  of  the 
CL  spectra  of  polycrystalllne  films  on  silicon  showed  that 
the  Intensity  of  a  silicon- Impurity-related  CL  band 
decreases  with  Increasing  distance  from  the  film- substrate 
Interface.  This  depth  variation  is  Interpreted  as  due  to  a 
silicon  Impurity  concentration  gradient. 


1.  INTRODUCTION 

Luminescence  spectroscopy  is  a  useful  metnod  for  defect 
characterization  In  diamond  (1).  Point  defects  (e.g.,  single-atom 
vacancy)  and  Impurity  atoms  (e.g.,  nitrogen)  are  believed  to  be  the 
primary  constituents  of  the  luminescence  centers  in  diamond. 
Cathodolumlnescence  (CL)  can  be  excited  with  high  efficiency  in  diamond 
by  a  keV-range  electron  beam  (2).  Utilization  of  a  scanning  election 
microscope  (SEM)  as  the  excitation  source  for  CL  allows  the  spatial 
distribution  of  the  emission  to  be  mapped  with  high  resolution  (3) . 

Results  are  presented  here  of  a  spatially  and  spectrally  resolved 
CL  study  of  diamond  particles  and  polycrystalllne  films  grown  by 
hot- filament  CVO.  The  CL  from  these  specimens  was  found  to  consist  of 
at  least  four  distinct  bands.  Spectrally  resolved  Images  of  the  two 
most  Intense  bands,  at  2.156  eV  and  2,85  eV,  were  obtained  from  diamond 
single  particles  grown  at  a  nominal  deposition  temperature  of  600°  C., 

For  these  particles,  the  2.156  eV  band  Is  associated  with  (111)  facets, 
while  the  2.85  eV  band  Is  associated  In  some  cases  with  (100)  facets  and 
in  other  cases  with  (111)  facets.  In  particles  grown  at  a  higher 
temperature,  both  bands  are  associated  with  (100)  facets.  These  results 
are  discussed  In  the  context  of  a  model  of  competing  recombination 
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centers.  Spatially  resolved  CL  of  diamond  films  on  silicon  substrates, 
viewed  In  cross-section,  showed  that  the  Intensity  of  a 
silicon- impurity-related  CL  band  decreases  with  Increasing  distance  from 
the  substrate..  This  behavior  is  attributed  to  a  silicon  impurity 
concentration  gradient 

We  previously  presented  CL  Imaging  and  spectroscopy  results  for 
CVD-grown  diamond  films  and  particles  (4).  In  the  previous  work,  only 
particles  grown  at  a  deposition  temperature  of  750*  C  were  examined;  In 
these  particles,  the  CL  arose  primarily  from  (100)  facets  at  all 
wavelengths.  Other  researchers  have  obtained  similar  CL  Imaging  results 
for  films  grown  by  microwave-plasma  CVO  (5) . 


2.;  EXPERIMENTAL  PROCEDURE 

The  diamond  particles  were  grown  in  a  tube -furnace  hot -filament 
CVD  reactor  which  has  been  described  previously  (6);  the  polycrystalline 
films  were  grown  In  a  bell-jar  hot  filament  CVD  reactor.  The  following 
conditions  were  used  for  all  depositions;  gas  mixture,  0.5X  methane  and 
99. 5X  hydrogen;'  gas  flow  rate,  52  standard  cm* /min;'  pressure,  5x10*  Pa; 
filament  temperature,  1800*  C;'  substrate,  (100)  oriented  silicon,-  The 
particles  were  grown  on  as-received  substrates  which  had  a  low  density 
of  diamond  nucleatlon  sites;  the  films  were  grown  on  diamond-polished 
substrates  which  had  a  higher  diamond  nucleatlon  density.  Particle 
depositions  were  carried  out  at  nominal  substrate  temperatures  of  600°  C 
and  750*  C;  the  films  were  deposited  at  750*  C.  Because  of  filament 
heating,  the  true  growth  temperature  is  probably  higher  than  the  nominal 
temperature  measured  by  a  thermocouple  placed  beneath  the  substrate. 

The  experimental  apparatus  for  CL  Imaging  and  spectroscopy  In  the 
SEM  has  been  described  previously  (4)  .•  The  electron-beam  voltage  for 
the  CL  measurements  was  20  kV,  and  the  electron-beam  current  was  -10*® 

A.  CL  Images  with  a  spatial  resolution  of  -0.5  pm  were  recorded  by  a 
photomultiplier  tube  (PMT)  with  a  wavelength  range  of  200  to  850  nm. 
Optical  bandpass  filters,  with  center  wavelengths  from  400  nm  to  850  nm 
and  full  widths  at  half  maximum  of  40  nm,  were  used  to  obtain  spectrally 
resolved  CL  Images..  CL  spectra  were  measured  by  a  0.34  meter  grating 
spectrograph  that  utilizes  an  intenslfled-photodlode-array  multichannel 
detector  and  covers  a  wavelength  range  of  200  to  900  nm. 


3.  EXPERIMENTAL  RESULTS 

A  typical  CL  spectrum  from  a  particle  deposited  at  600°  C,  shown 
In  Fig..  1,  contains  four  distinguishable  components,  which  are  Indicated 
in  Fig.  1  by  arrows.  Three  components  give  rise  to  sharp  zero-phonon 
lines,  at  1,68  eV,  2.156  eV,  and  2.325  eV,  as  well  as  lower-energy 
phonon  sidebands.  The  Intense  phonon  sidebands  of  the  2,156  eV  line  are 
due  to  coupling  to  0.045  eV  and  0.085  eV  acoustic  phonons  and  to  the 
0.165  eV  longitudinal  optical  phonon  (7).  The  fourth  component  Is  a 


428 


broad,  structureless  band  with  maximum  Intensity  at  -2.85  eV. 

The  structures  of  the  luminescence  centers  that  give  rise  to  these 
components  have  been  tentatively  Identified  by  comparison  to  spectra 
reported  In  the  literature  (4).  The  1.68  eV  band  Is  attributed  to  a 
center  that  contains  a  silicon  Impurity  atom  (8).,  The  2.156  eV  and 
2.325  eV  bands  are  attributed  to  nitrogen-vacancy  centers  (centers  that 
contain  both  a  nitrogen  atom  and  an  atomic  vacancy)  with  distinct 
structures  (7), (9).  The  broad  2.85  eV  band  Is  attributed  to  a 
dislocation-related  center,  which  may  be  either  a  donor-acceptor  pair  or 
an  Intrinsic  state  associated  with  dislocations  (10) . 

The  two  most  Intense  CL  components,  the  2.156  eV  and  2.85  eV 
bands,  can  be  selected  by  bandpass  filters  with  center  wavelengths  of 
600  run  and  450  nm  respectively.  The  photon  energy  ranges  of  these 
filters  are  Indicated  by  dashed  lines  In  Fig.-  1.  For  conciseness, 
spectrally  resolved  CL  Images  obtained  with  the  600  nm  and  450  nm 
filters  will  be  referred  to  respectively  as  600  nm  and  450  nm  Images  .- 

Spectrally  resolved  CL  Images  and  secondary-electron  (SE)  Images 
of  two  particles  grown  at  600*  C  are  shown  In  Fig.  2.  One  particle, 
shown  In  Fig.  2(a),  has  a  cubo- octahedral  form,  and  the  other,  shown  In 
Fig.  2(b)  has  a  pseudo -five -fold  twinned  form.  The  CL  Images  appear 
blurred,  compared  to  the  SE  Images,  because  of  electron  beam  spreading. 
According  to  semi -empirical  models  of  electron  scattering  In  solids,  the 
penetration  range  of  20  keV  electrons  In  diamond  Is  -2.8  nm,  and  the 
depth  of  greatest  energy  dissipation  Is  -1.4  im  (3), (11).  The  particles 
shown  In  Fig.  2  are  -20  In  diameter;  the  CL  Is  thus  excited  In  the 
near-surface  regions  of  these  particles.- 

In  the  600  nm  Image  of  the  particle  shown  In  Fig.  2(a),  bright 
regions  are  associated  with  the  centers  or  edges  of  triangular  (111) 
facets,  and  dark  regions  are  associated  with  the  centers  of  square  or 
octagonal  (100)  facets.  In  the  450  nm  Image,  bright  regions  are 
associated  with  the  centers  of  (100)  facets.  The  two  CL  Images  shown  In 
Fig..  2(a)  are  thus  approximately  complementary;  bright  regions  In  one 
Image  are  correlated  with  dark  regions  In  the  other. 

The  600  nm  Images  of  the  two  particles  shown  In  Fig.  2  are 
similar;  In  both  particles,  bright  regions  are  associated  with  (111) 
facets  and  dark  regions  are  associated  with  (100)  facets.  Bright 
regions  In  the  450  nm  Image  of  the  particle  shown  In  Fig.  2(b)  are, 
however,  associated  with  (111)  facets.  In  contrast  to  Fig.  2(a).  The 
two  spectrally  resolved  CL  Images  In  Fig.-  2(b)  are  neither  complementary 
nor  Identical  to  each  other. 

We  have  examined  spectrally  resolved  CL  Images  of  other  particles 
from  the  600*  C  deposition,  with  results  similar  to  those  shown  In  Fig. 
2;  bright  regions  In  the  600  nm  Images  are  always  associated  with  (111) 
facets,  while  the  location  of  bright  regions  In  the  450  nm  Images  varies 
from  particle  to  particle.  The  variation  of  the  450  nm  Images  does  not 
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appear  to  be  correlated  In  a  consistent  manner  with  the  variation  of  the 
crystal  growth  habit  (cubo- octahedral  or  five-fold  twinned). 

For  particles  deposited  at  750*  C,  bright  regions  In  both  the  600 
nm  and  450  nm  Images  are  associated  with  (100)  facets,  and  the  two 
spectrally  resolved  Images  are  very  similar  to  each  other.  These 
results  are  In  agreement  with  the  results  of  previous  studies  by  the 
present  authors  and  by  other  researchers  (4),  (5).- 

The  depth  dependence  of  the  CL  In  a  continuous  polycrystalllne 
diamond  film  on  a  silicon  substrate  was  Investigated  by  breaking  the 
specimen  after  deposition  and  examining  It  In  cross-section.  Two 
spatially  resolved  CL  spectra,  taken  from  near  the  top  surface  and  the 
film- substrate  Interface  of  such  a  specimen,  are  shown  In  Fig.  3.  These 
spectra  are  seen  to  contain  the  same  features  as  the  particle  spectrum 
shown  In  Fig.  1.  The  primary  difference  between  the  two  spectra  Is  the 
relative  Intensity  of  the  1.68  eV  band,  which  Is  several  times  greater 
In  the  spectrum  taken  near  the  film- substrate  Interface. 

A  number  of  spectra  were  taken  from  the  cross-sectioned  specimen 
to  examine  the  depth  dependence  of  the  1.68  eV  band  In  more  detail.  In 
Fig.  4,  two  quantities  are  plotted  as  a  function  of  distance  from  the 
film- substrate  Interface:  the  intensity  ratio  of  the  1.68  band  to  the  CL 
background  In  the  same  spectral  region  (which  may  arise  from  the 
low-energy  tall  of  the  2.156  eV  band),  and  the  intensity  of  the  CL 
background.  The  relative  Intensity  of  the  1.68  eV  band  decreases 
rapidly  with  Increasing  distance  from  the  film- substrate  Interface,  and 
Is  greatest  when  the  electron  beam  Is  focussed  on  the  substrate  side  of 
the  Interface..  Because  of  its  large  penetration  depth  and  lateral 
spreading,  the  electron  beam  can  excite  the  diamond  film  when  It  is 
focussed  on  the  silicon  substrate  near  the  Interface  (11). 


4.  DISCUSSION 

We  have  developed  a  simple  recombination  model  that  can  be  used  to 
relate  the  image  contrast  In  the  spectrally  resolved  CL  Images  (Fig.  2) 
to  the  spatial  distributions  of  the  CL  centers  (12).  The  key 
assumptions  are  as  follows;,  the  initial  step  In  the  excitation  of  CL  is 
electron-hole  pair  creation  by  the  primary  electron  beam;  several  types 
of  CL  centers  and  non-radlatlve  recombination  centers  compete  for 
excitation  by  the  free  electron-hole  pairs;  the  numbers  of  excited 
centers  of  each  type  are  directly  proportional  to  the  number  of  free 
electron-hole  pairs.  The  following  equation  may  then  be  written  for  the 
CL  intensity  from  centers  of  a  particular  type,  labelled  type  (a). 

1cl(«)  -  [';.B.N.  /  (2(BiNi)  +  Z(bjnj))]  G.h  (1) 

where  N  represents  the  concentration  of  CL  centers  of  a  particular  type; 
B  represents  the  rate  for  excitation  of  CL  centers  by  electron-hole 
pairs;  the  subscript  1  represents  a  summation  over  all  CL  centers;  n,b. 
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and  J  are  the  analogous  quantities  to  N,  B,  and  1  for  non- radiative 
centers;  q.  Is  the  luminescence  efficiency  of  centers  of  type  (a);  and 
Is  the  electron-hole  pair  generation  rate.-  It  Is  assumed  that  the 
concentrations  N  and  n  may  vary  from  location  to  location  within  the 
specimen,  but  the  other  quantities  in  Eq.  (1)  are  constant. 

If  there  are  only  two  dominant  types  of  CL  centers,  labelled  (a) 
and  (b),  and  no  non-radlatlve  centers,  then  Eq.  (1)  simplifies  to: 

Icl(*)  -  If.B.N.  /  (B.N.  +  BbN^)]  G.^  (2) 

and  a  similar  equation  can  be  written  for  the  type  (b)  centers.-  The  sum 
of  «nd  Icl(1>)i  weighted  by  the  Inverse  quantum  efficiencies,  is 

then  equal  to  G.^  .  In  a  region  where  Ict.(*)  higher  than  average, 
l(;t,(b)  Is  correspondingly  lower.  This  argument  Implies  that  the  Images 
of  the  two  dominant  CL  bands  will  be  complementary  to  each  other.  The 
complementary  relationship  of  the  2.156  eV  and  2.85  eV  CL  bands  observed 
for  some  particles  [e.g.  Fig.  2(a)]  Is  explained  by  this  case. 

Suppose  next  that  there  are  two  dominant  types  of  CL  centers,  but 
non-radlatlve  centers  are  also  present.  Eq.-  (1)  then  has  the  form: 

1cl(«)  -  ('J.B.N.  /  (B.N.  +  B^Nb  +  S(b^nj))]  G.h  (5) 

In  this  case,  the  sum  of  I(;t,(a)  and  constant,  and  the  two 

Images  do  not  necessarily  have  a  complementary  relationship..  According 
to  the  model,  in  specimens  where  the  images  of  the  two  dominant  CL  bands 
are  not  complementary,  non-radlatlve  recombination  must  have  a 
significant  Influence  on  the  CL  Images.  This  appears  to  be  the  case  for 
some  of  the  particles  grown  at  600*  C  (e.g..  Fig.  2(b)],  and  for  all  of 
the  particles  grown  at  750*  C.  (Recall  that  the  Images  of  the  two 
dominant  CL  bands  are  very  similar  for  the  latter) . 

According  to  Eq.  (1),  the  ratio  of  the  CL  Intensities  from  two 
types  of  centers,  Icl (®)/Icl (B) .  is  proportional  to  the  ratio  of 
concentrations,  N./Nj, .  The  Intensity  ratio  of  the  1.68  eV  band  to  the 
tall  of  the  2.156  eV  band,  plotted  in  Fig.  4,  should  thus  represent  the 
concentration  ratio  of  1.68  eV  centers  to  2.156  eV  centers.  Because  the 
1.68  eV  centers  are  believed  to  contain  silicon  impurity  atoms,  the 
depth  dependence  shown  In  Fig.  4  may  be  due  to  a  decrease  In  the 
concentration  of  silicon  atoms  with  Increasing  distance  from  the  silicon 
substrate.  Such  a  silicon  Impurity  concentration  gradient  might  be  due 
to  diffusive  transport  of  silicon  atoms  from  the  substrate  Into  the  film 
during  the  deposition  process. 


5.;  CONCLUSION 

Spatially  and  spectrally  resolved  cathodolumlnescence  (CL)  was 
used  to  Investigate  the  spatial  distribution  of  luminescence  centers  In 
CVD-grown  diamond  particles  and  polycrystalline  films.  For  single 
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particles  grovm  at  a  low  substrate  temperature  (nominally  650*  C) ,  one 
of  the  two  most  Intense  CL  bands,  the  2.156  eV  band,  was  found  to  be 
associated  with  (111)  facets.  The  CL  Image  of  the  other  Intense  band, 
the  2.85  eV  band,  showed  considerable  partlcle*to-partlcle  variation 
among  the  same  particles.  The  Images  of  the  2.156  eV  and  2.85  eV  CL 
bands  were  found  to  have  a  complementary  relationship  for  some 
particles.  A  model  of  competing  recombination  centers  Is  proposed  to 
help  explain  these  results..  Cross-sectional  measurements  of  the  CL 
spectra  of  polycrystalllne  films  on  silicon  showed  that  the  Intensity  of 
a  sll-'con-lmpurlty-related  CL  band  decreases  with  Increasing  distance 
from  the  film- substrate  Interface.  This  depth  variation  Is  Interpreted 
as  due  to  a  silicon  Impurity  concentration  gradient. 
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PHOTON  ENERGY  (6\0 


Fig,  1,  CL  spectrum  of  e  diamond 
single  particle  grown  at  600*  C. 
The  four  Indicated  spectral 
features  are  attributed  to  a 
silicon  Impurity  center  (1.68  eV 
zero-phonon  line)  two  types  of 
nitrogen-vacancy  centers  (2.156 
eV  and  2.325  eV  zero-phonon 
lines) ,  and  a  dislocation-related 
defect  (2.85  eV  band).  Dashed 
lines  Indicate  the  ranges  for  the 
600  nm  and  450  nm  CL  Images. 


Fig.  3.  Spatially  resolved  CL 
spectra  of  polycrystalllne 
diamond  film  on  silicon  viewed  In 
cross-section,  taken  from  (a) 
near  film- substrate  Interface, 

(b)  near  top  surface. 


Fig.  4.  Intensity  ratio  of  1.68 
eV  CL  band  to  spectral  background 
(squares) ,  and  Intensity  of 
background  (circles),  as  function 
of  distance  from  film- substrate 
Interface .,  Locations  of 
Interface  and  top  surface  of  film 
are  Indicated  by  dashed  lines. 
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m450  nm) 


CL(450  nm) 


Fig.  2.;  Secondary-electron  (SE)  and  spectrally  resolved  CL  Images  of 
two  diamond  particles  grown  at  600*  C.  Two  spectrally  resolved  CL 
Images,  taken  with  600  nm  and  450  nm  bandpass  filters,  are  shown  for 
each  particle,  (a)  Particle  with  cubo-octahedral  habit,  (b)  Particle 
with  pseudo- five- fold  twinned  habit. 
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LATTICE  VIBRATIONAL  MODES  AND  DEFECT- ACTIVATED 
IR  ABSORPTIONS  IN  CVD  DIAMOND 

C.  Klein,  T.  Hartnett.  R.  Miller,  and  C.  Robinson 
Raytheon  Research  Division.  Le.xington.  MA  02173 

Chemically  vapor-deposited  (CVD)  diamonds  are  polycrystalline  and 
defect-rich,  which  destroys  the  translational  symmetry  of  the  lattice  and 
activates  first-order  infrared  absorptions.  The  work  described  in  this 
paper  takes  advantage  of  this  situation  for  the  purpose  of  la}  detecting 
and  locating  the  critical-point  phonons  of  diamond,  (bl  obtaining 
meaningful  information  on  residual  impurities,  and  (c)  searching  for 
evidence  regarding  postulated  diamond-polytype  structures.  This  effort 
has  been  quite  successful  and  should  provide  valuable  data  for  assessing 
the  performance  of  CVD  diamond  as  an  optical  material  for  the  8-  to 
12-  um  spectral  region. 

Diamond  crystals  have  thermal,  mechanical,  and  optical  properties  that  are 
highly  attractive  for  infrared  (IR)  applications  involving  severe  environmental 
conditions.  The  selection  rules  for  3C  cubic  material  imply  that  single-phonon 
processes  are  IR  inactive  and,  therefore,  that  perfect  diamond  should  be  transparent 
at  wavelengths  beyond  7.5  um.  Chemically  vapor-deposited  (CVDI  diamond  artifacts, 
however,  are  polycrystalline  and  defect-rich,  which  destroys  the  translational 
symmetry  of  the  lattice  and  may  activate  first-order  IR  absorptions,  as  initially 
reported  by  Smith  and  Hardy!  1).  The  purpose  of  the  work  described  in  this  paper 
was  to  take  advantage  of  this  situation  in  the  sense  that  the  breakdown  of  selection 
rules  in  CVD  diamond  may  allow  us  to  detect  and  identify  the  critical-point  phonons 
in  a  straightforward  manner;  this  task  relies  on  the  availability  of  a  set  of  dispersion 
curves  deduced  from  inelastic  neutron  scattering  experiments(2)  and  benefits  from  the 
superior  accuracy  of  optical  measurements.  By  using  Fourier-transform  infrared 
(FTIR)  techniques,  we  have  obtained  detailed  and  reproducible  absorption  spectra  that 
also  provide  meaningful  indications  on  residual  impurities  in  our  deposits.  Since 
relatively  little  has  been  published  on  IR  properties  of  CVD  diamondiS),  the  present 
paper  may  throw  some  light  on  the  ultimate  optical  performance  of  this  material  and 
assist  the  reader  in  assessing  its  merit  for  operation  in  the  8-  to  12-  um  spectral 
band. 
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Our  diamonds  were  grown  on  polished  molybdenum  and  polished  silicon 
substrates  by  means  of  microwave-plasma  as  well  as  hot-filament  assisted  methane- 
hydrogen  chemical  vapor  depositions  at  900 ®C.  The  free-standing  200-  to  400-  um 
thick  specimens  examined  in  this  study  are  of  outstanding  crystalline  quality  as 
demonstrated  by  Raman  spectroscopy.  First-order  Raman  spectra  display  a  sharp 
intense  line  at  approximately  1332.5  cm'^  with  no  evidence  of  additional  features; 
the  full  width  at  half  maximum  varies  with  the  morphology  but  tends  towards  a  3- 
cm'^  "limit'  and,  thus,  to  approach  widths  that  are  comparable  to  those  of  natural 
diamonds(4).  Infrared  absorption  .<nectra  as  recorded  in  this  paper  reflect  the  results 
of  evaluating  "absorbances"  defined  as  A  s  IniTo/Tl.  where  T  is  the  measured 
transmittance  and  To  refers  to  an  ad  hoc  baseline  "fit".  The  measured 
transmittances  are  as  obtained  on  an  FTIR  Bomen  Inc.  spectrometer  operating  at  a 
resolution  of  4  cm'K-  the  instrument  control  computer  collecting  and  co-adding  up  to 
one  hundred  scans  per  nin.  An  appropriate  polynomial  approximation  provides  the 
baseline  fit.  which  serves  the  purpose  of  eliminating  low-spatial-frequency 
contributions  originating  from  processes  such  as  scatter  and.  therefore,  enhances  the 
absorption  features  of  interest  here. 

Figure  1  displays  the  IR  absorption  spectrum  of  an  in-house  produced 
microwave-plasma  CVD  diamond  specimen  gprown  on  a  molybdenum  substrate.  The 
frequency  range  extends  from  500  to  4000  wavenumbers  thus  covering  the  one-,  the 
two-,  and  the  three-phonon  regimes  of  diamond.  It  is  immediately  seen  that  (a)  the 
two-phonon  processes  dominate  and  generate  the  same  pattern  as  described  by  Hardy 
and  Smith(5);  (b)  the  three-phonon  region  shows  evidence  of  molecular  absorption 
bands  near  2900  cm'^,  which  can  be  attributed  to  C-H  stretch  vibrationslO),  and  (c) 
there  are  weak  absorption  features  at  frequencies  below  that  of  the  Raman  phonon, 
in  accord  with  some  recent  observations  by  Thomas  and  Joseph  on  type-Ila 
diamond!?).  These  single-phonon  absorptions  are  the  features  we  wish  to  discuss  in 
this  paper..  In  effect,  the  traces  recorded  in  Figs.  2,,  3.  and  4  clearly  demonstrate 
that  the  base-line  fitting  procedure  yields  a  surprisingly  rich  structure,  which  can  be 
interpreted  in  the  light  of  existing  information  about  the  lattice  dynamics  of 
diamondl2l  and  about  IR  features  associated  with  imparities,  defects,  and  disorder(8). 
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At  this  point,  it  should  be  emphasized  that,  below  1000  wavenumbers,  the  $ignal-to- 
noise  ratio  deteriorates  (see  Fig.  2)  owing  to  the  degraded  instrumental  response  as 
well  as  the  reduced  density  of  states;  at  low  frequencies,  our  best  results  are  as 
illustrated  in  Fig.  4.  which  refers  to  hot-filament  material  deposited  on  silicon  and. 
theretoreO).  may  show  features  originating  from  a  non-diamond  phase  that  consists 
of  polytypic  SiC  with  axial  acoustic,  planar  optical,  and  axial  optical  modes  as  listed 
in  Ref.  9. 

If  one  uses  the  neutron-scattering  phonon-dispersion  data(2)  for  guidance,  a 
careful  examination  of  our  CVD-diamond  absorbance  traces  yields  the  positions  of  the 
critical-point  phonons  with  much  improved  accuracy  (see  Table  1).  This  applies  not 
only  to  the  high-symmetry  points  X,  L,  and  W,  but  also  to  point  K.  which  is 
remarkable  considering  that  only  three  of  the  six  Z -direction  branches  have  density- 
of-state  'singularities*  typical  of  critical  points.  With  regard  to  first-  and  second- 
order  Raman-scatter  experiments  as  interpreted  in  Ref.  4,  we  note  the  excellent 
agreement  in  terms  of  centc  of-the-zone  phonons;  at  the  zone  boundary,  however, 
there  are  some  discrepancies  (see  Table  1(  that  will  require  further  attention  and.  in 
particular,  a  reevaluation  of  assignments  in  the  two-phonon  regiondOI.  But  first,  it 
should  be  of  interest  to  evaluate  Brout's  sum  at  all  the  Brillouin-zone  points  for 
which  we  now  have  what  appears  to  be  accurate  phonon  energies  (see  Table  2). 
Evidently,  the  sums  are  not  independent  of  the  wavevector,  which  confirms  that, 
indeed,  Brout's  sum  rule  does  not  apply  to  diamond  thus  suggesting  the  presence  of 
non-electromagnetic.  forces  in  this  materiallll).  Still,  we  find  that  Brout's  equation 
as  modified  by  Mitra  and  Marshall!  12). 

6 

*  16fJro/(Xu) , 

29  2 

yields  1.9x10  Hz  upon  inserting  proper  numbers  for  the  internuclear  distance  rg. 
the  bulk  compressibility  X,  and  the  residual  mass  u,.  which  agrees  quite  well  with 
the  experimental  result  at  point  F. 

With  regard  to  impurity-activated  IR  absorptions,  it  has  been  recognized  Ism 
Table  31  that  at  least  four  major  species  of  nitrogen-related  imperfections 
(substitutional.  A  center.  B  center,  and  platelets)  can  generate  lattice  as  well  as 
localized  modes  in  type-I  diamondil.3l.  In  Figs  2  and  3,  we  demonstrate  that  CVU 


material  exhibits  a  similar  but  weaker  impurity-band  pattern,  which  has  interesting 
implications  from  the  point  of  view  of  the  "defect  genealogy"  in  diamondiSl  and 
correlates  well  with  cathodoluminescence-based  observations(14).  We  have  also  seen 
traces  of  substitutional  boron  in  ail  our  specimens;  there  are,  however,  no  indications 
of  C-H  bending  modes(6l,  judging  from  the  absence  of  a  sharp  absorption  line  at 
1405  cm'^  (see  Fig.  1). 

For  the  sake  of  completeness,  we  are  also  including  here  relevant  segments  of 
the  absorption  spectrum  of  a  CVD-diamond  specimen  prepared  at  The  Pennsylvania 
State  University  (Fig.  5|  and  the  transmission  spectrum  of  a  purchased  Drukker 
type-IIa  diamond  (Fig.  6).  At  wavelengths  below  10  um.  the  single-phonon  features 
identified  in  Tables  1  and  3  are  clearly  apparent,  which  strongly  suggests  that  the 
breakdown  of  selection  rules  occurs  even  in  high-quality  natural  diamond.  We  note, 
however,  that  while  the  OID  line  appears  to  be  very  weak  in  Fig.  6.  a  strong 
absorption  emerges  at  1310  cm'^.,  which  points  to  an  IR-active  vibrational  mode  of 
the  2IR  diamond  poiytypedSI;  similarly,  the  doublet  we  observe  at  662/669  cm'^  in 
CVD  diamond  (see  Fig.  4|  may  well  signal  an  IR-active  mode  (2A2u)  of  the 
postulated  8H  diamond  structure,  thus  providing  positive  evidence  to  support  the 
recent  predictions  of  Spear,  Phelps,  and  White(15l. 
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Table  1.  Critical-Point  Phonon  Frequencies  (in  cm“^) 


of  Diamond 


Symmetry 

Phonon 

"Neutron" 

"Raman" 

This 

Point 

Branch**' 

Ref.  (2) 

Ref.  (4) 

Work 

r 

4'2(0)/45(0) 

N/A 

1332. 5+. 5 

1332.5+1 

X 

4'2(0)/4^(A) 

1184+21 

1185+5 

1191+3 

45(0) 

1072+26 

1069+5 

1072+2 

45(A) 

807+32 

807±5 

829+2 

L 

A^(0) 

1242+37 

1252+5 

1256+4 

43(0) 

1210+37 

1206+5 

1220+2 

Aj(A) 

1035±32 

1006+5 

1042+2 

43(4) 

552+16 

563±5 

553  +  2 

K 

Z^iO) 

1232±27*‘’' 

1230+5 

1239+2 

£3(0) 

1110+21**’’ 

1109+5 

1111+1 

£3(0) 

1046+21 

1045+5 

1033+2 

£3(4) 

1020+11**’’ 

988+5 

1019±3 

£3(4) 

972+16 

98ui: 

978+1 

£4(4) 

765+21**’’ 

N/A 

764+4 

W 

2(U) 

N/A 

11/9+5 

1146+1 

Z(M) 

993+53 

999+5 

992+3 

Z(L) 

919±11 

908+5 

918+12*'’’ 

(a) 

The  notations  arc 

as  in  Ref.  2. 

(b) 

Interpolated  using  Newton's  method. 

(c) 

Very  weak  featurj 

and  not  always  discernible. 
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Table  2.  Experimentally  Derived  Brout  Sums  at 


High-Symmetry  Points  of  the  Brillouin  Zone 


Symmetry  Point 

Brout  Sum  (10^®  Hz^) 

r 

1.89 

X 

2.31 

L 

2.22 

K 

2.28 

W 

2.23 

Table  3.  Impurity/Defect 

in  the  1000  to 

Related  Absorption  Features 
1400  cm~^  Wavenumber  Range 

Impuritv/Defect^*^  Recorded  Positions^ 

This  Work 

substitutional  H 

-1130 

1124+1 

-1350 

1358+2 

A  center 

-1215 

1204+3 

-1282 

1282+2 

B  center 

-1010 

1010+2 

-1175 

1175+4 

A  and  B  centers 

-1100 

1099+3 

platelets 

-1370 

1373+4 

substitutional  B 

-1298^'^’ 

1300+2 

(a)  See  Refs.  8  and  13. 

(b)  Prominent  features  are  underlined. 

(c)  At  room  temperature  (see  Fig.  13  of  Ref.  8). 
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Fig,  1.  Absorption  spectrum 
of  a  microwave-plasma 
assisted  CVD-diamond 
specimen  in  the  one-,  two-, 
and  three-phonon  summation 
regions;  note  the  C-H  stretch 
vibrational  modes  at  ca.  2900 


Fig.  2.  Absorption  spectrum 
of  a  microwave-plasma 
assisted  CVD-diamond 
specimen  in  the  one-phonon 
region;  for  the  sake  of 
clarity,  some  of  the  features 
are  not  identifled  in  this  plot. 


700  goo  900  1000  tlOO  1900  1300  IWO 

WAVENUMBER  (on  ') 


Fig.  3.  Absorption  spectrum 
of  a  microwave-plasma 
assisted  CVD-diamond 
specimen  in  the  1000  to 
1400  cm'^  wavenumber  range; 
this  trace  identifies  all 
relevant  features  as  assigned 
in  Tables  1  and  3. 


WAVENUMBER  (cm  ’) 
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Fig.  4.  Absorption  spectrum 
of  a  hot-filament  assisted 
CVD-diamond  specimen  in  the 
500  to  1000  cm‘^ 
wavenumber  range;  some  of 
the  features  appear  to  be 
caused  by  polytytic  SiC  (see 
Ref.  91. 


Fig.  5.  Absorption  spectrum 
of  a  CVD-diamond  specimen 
prepared  at  The  Pennsylvania 
State  University;  critical-point 
phonons  and  impurity-induced 
features  are  as  previously 
assigned  in  Tables  1  and  3. 


Fig.  6.  Transmission 
spectrum  of  a  250- um  thick 
type-lla  natural  diamond 
specimen;  note  the  "strong" 
absorption  at  1306/1310  cm’^ 
tentatively  assigned  to  a  2IR 
rhombohedral  diamond 
polytype. 
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THERMAL  CONDUCTIVITY  OF  NATURAL  TYPE  IIA  DIAMOND 
BETWEEN  500K  AND  1250K 


J.W.  Vandersande,  C.B.  Vining  and  A.  Zoltan 
Jet  Propulsion  Laboratory/Califomia  Institute  of  Technology 
Pasadena,  CA  91109 


ABSTRACT 

The  thermal  conductivity  of  a  natural  type  Ila  diamond  was  measured  between 
500K  and  12S0K  using  the  flash  diffusivity  method.  This  is  the  first  time  that  the 
thermal  conductivity  of  natural  diamond  has  been  measitred  above  4S0K.  The 
results  provide  a  baseline  for  comparison  to  the  recently  obtained  results  on 
isotopically  pure  diamond.  Also,  it  provides  a  goal  for  the  thermal  conductivity  of 
diamond  films  which  are  now  routinely  being  fabricated  and  have  numerous 
possible  high  temperature  applications. 

INTRODUCTION 

The  thermal  conductivity  of  diamond  has  taken  on  increased  significance  with 
the  high  value  very  recently  obtained  on  isotopically  pure  diamond  (1).  Also,  the 
discovery  of  the  synthesis  of  diamond  films  by  means  of  chemical  vapor  deposition 
(CVD)  at  low  pressures  (2)  has  made  numerous  high  temperature  applications  for 
diamond  films  now  possible.  A  good  baseline  is  thus  needed  to  determine  the 
improvement  in  conductivity  of  the  isotopically  pure  diamond  compared  to  the  best 
natural  diamonds  (type  Da)  and  to  be  able  to  compare  the  thermal  conductivity  of 
the  films  with  that  of  the  best  natural  diamonds  to  assess  their  quality.  However, 
the  thermal  conductivity  of  diamond  has  been  measured  only  up  to  4S0K  and  then 
on  different  samples,  over  a  variety  of  temperature  ranges,  using  different 
measurement  techniques.  There  is  scatter  in  these  data  and  some  disagreement 
between  different  measurement  techniques.  The  accurate  measurement  of  the 
thermal  conductivity  of  a  natural  type  Ha  diamond  (the  best  heat  conducting  type 
natural  diamond)  over  a  wide  temperature  range  is  thus  badly  needed  to  provide  the 
needed  baseline.  Data  above  450K  would  then  provide,  at  least  initially,  an  upper 
limit  or  goal  for  the  thermal  conductivity  of  diamond  films  at  hi^  tempmtures. 
The  values  could  be  used  to  calculate  the  potential  benefit  of  the  use  of  diamond 
films  at  high  temperatures  for  numerous  applications. 

The  theimal  conductivity  of  isotopically  pure  diamond  at  room  temperature  (the 
only  sample  measured  to  date)  was  found  to  be  33  W/cm-K(l)  compai^  to  22- 
25W/cm-K  found  for  three  single  crystal  type  Ila  diamonds  (3, 4).  This  increase  in 
thermal  conductivity  appears  to  be  around  50  percent,  which  would  indeed  be  a 
significant  improvement.  There  appears  to  be  uncertainty  as  to  the  exact  cause  of 
this  improvement.  Whereas  Anthony  et  al.  (1)  suggested  it  was  the  removal  of  the 
one  percent  from  their  sample,  standard  thermal  conductivity  theory  predicts 
less  than  a  5  percent  improvement  as  a  result  of  eliminating  the  one  percent 
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isotope  (5).  The  cause  of  the  improvement  could  be  due  to  different  mechanisms. 
Natu^  type  Ha  diamonds,  although  generally  whidsh,  do  have  numerous 
impurities  and  defects  (especially  dislocations).  A  reduction  in  the  concentration  of 
diese  impurities  and  defects  could  easily  result  in  a  natural  diamond  with  a 
considerably  higher  thermal  conductivity.  The  Anthony  et.  al.  (1)  result  was 
compared  to  the  Berman  et  al.  (3, 4)  results.  The  latter,  very  likely,  were  samples 
that  came  from  brownish  rather  than  white  type  Ha  stones  (6)  since  the  diamond 
supplier  (DeBeers  Corp.)  usually  kept,  and  still  keeps,  the  large  pure  whites  for 
jewelry  purposes. 

The  thermal  conductivity  of  several  diamond  films  have  been  measured  up  to 
3(K)K  (7, 8).  At  that  temperature,  the  thermal  conductivities  of  three  films  were 
found  to  be  between  5  and  10  W/cm-K  which  compares  to  between  22  and  25 
W/cm-K  for  natural  type  Ila  diamond.  These  lower  values  ate  most  likely  due  to 
tire  polyctystalline  nature  (very  small  grains)  of  the  films. 

The  thermal  conductivity  of  diamond  has  up  until  now  not  been  measured  above 
4S0K  due  to  the  lack  of  a  proper  measuring  technique  and  lack  of  sufficiently  large 
samples.  Both  these  obstacles  were  overcome  by  obtaining  a  large  type  Ila  stone 
and  by  using  the  flash  diffusivity  method  on  diamond  for  the  first  time.  The  results 
are  present^  here. 


EXPERIMENTAL 

The  natural  diamond  measured  was  determined  to  be  a  type  Ha  based  on  the  U  V 
absorption  spectrum.  The  color  was  white  but  according  to  die  supplier  (DeBeers 
Corp.)  it  came  from  a  slightly  brownish  stone  (not  quite  good  enough  for  gem 
stone  purposes).  The  dimensions  of  the  sample  were  8.04mm  by  8.84mm  by 
2.35mm  &ick. 

The  thermal  diffusivity  was  determined  by  the  flash  method  in  an  apparatus 
described  elsewhere  (9, 10).  Briefly,  a  xenon  flash  lamp  applies  a  heat  pulse  to  one 
side  of  the  sample,  by  means  of  a  sapphire  light  pipe,  while  an  InSb  infrared 
detector  measures  the  temperature  rise  of  the  tear  surface  of  the  sample.  The  output 
of  the  detector  is  fed  through  a  Texttxmic  differential  amplifier  into  a  Nicolet  digital 
storage  scope  which  displays  the  rear-face  sample  temperature  rise  (in  mV)  versus 
time  (in  ms).  A  flash  lamp  has  several  advantages  over  a  laser.  The  main  ones  are 
that  it  is  inexpensive,  is  capable  of  higher  power  levels,  and  has  a  very  reproducible 
flash  intensity.  The  main  disadvantage  is  a  larger  finite  pulse  time  but  cmrections  to 
that  have  been  developed  (1 1). 

The  sample  was  coated  (sputtered)  all  over  with  a  few  micrometer  thick  layer  of 
tantalum  on  top  of  which  was  sputter^  a  few  micrometer  thick  layer  of  graphite,  to 
ensure  that  no  light  from  the  flashlamp  would  pass  directly  through  the  sample. 

The  double  layer  was  needed  to  prevent  light  being  transmitted  through  the  sample. 
The  tantalum  layer  by  itself  reflected  too  much  light  while  the  graphite  by  itself 
allowed  some  transmission.  The  diffusivity  was  measured  both  through  the  short 
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direction  (2.3Smm)  and  the  long  direction  (8.04  cm)  of  the  sample.  The  latter 
required  minor  redesign  of  the  sample  holder  and  fixtures  to  minimize  the  amount 
of  flash  lamp  light  entering  the  detector. 

The  high  thermal  diffusivity  of  diamond  means  that  the  heat  pulse  can  propagate 
through  the  sample  in  only  a  few  milliseconds  around  room  temperature.  Since  the 
flash  lamp  pulse  itself  lasts  about  4.61  msec,  proper  account  must  be  taken  for  this 
effect  Both  the  exact  soludon  to  the  heat  pulse  i^blem  as  well  as  an  approximate 
solution  have  been  given  previously  (1 1).  The  approximate  solution  is  quite 
accurate  for  usual  puiposes,  but  the  very  short  pulse  times  of  this  sample  raised  a 
question  about  the  reliability  of  the  approximate  method  in  this  case. 

This  concern  was  addressed  in  two  ways.  First,  the  full  solution  of  the 
equations  for  the  temperature  of  the  backface  was  performed  numerically  to 
ctticulate  the  thermal  diffusivity  and  heat  loss  from  the  time  to  half  maximum  (ti/2) 
and  the  time  to  maximum  (tm^.  Results  calculated  in  this  way  were  lower  thM 
calculated  using  the  approximate  expressions  given  previously.  The  difference 
between  the  two  calculations  is  negligible  (less  then  1%)  for  the  long'  data,  as 
expected  since  the  half-times  are  long  enough  in  this  case  to  make  the  approximate 
solution  quite  reliable. 

For  the  'short'  data,  the  approximate  solution  was  about  3%  high  at  KXX)  C, 
12%  high  at  500  C,  23%  high  at  400  C  and  rapidly  getting  worse  as  the  temperature 
decreases  further.  Because  of  this  the  exact  solution  was  used  in  the  'short'  data 
case.  Data  below  400  C  were  rejected  because  the  conections  were  too  large  to  be 
reliable. 

The  second  check  on  the  heat  pulse  corrections  was  done  by  recording  the  full 
temperature  vs.  time  history  of  the  backface  for  several  data  points,  rather  than 
simply  ti/2  and  t  max-  There  arc  still  only  two  adjustable  parameters,  the 
diffusivity  and  the  heat  loss,  so  it  is  a  good  test  of  the  theory  to  see  how  well  the 
full  time  dependence  of  the  backface  temperature  can  be  accounted  for  by  the 
theory.  The  diffusivity  calculated  using  the  fit  of  the  foil  curve  agrees  with  the 
diffusivity  calculated  using  only  ti/2  and  tmax  to  better  than  1%.  This  indicates  that 
the  theory  works. 

The  analysis  used  assumes  the  heat  pulse  travels  down  the  sample  in  one 
direction  only  and  also  assumes  that  heat  is  lost  only  from  the  front  and  back  faces. 
In  the  usual  case,  and  for  the  diamond  in  the  short  direction,  this  appears  to  be  an 
excellent  assumption.  Unfortunately,  for  the  diamond  in  the  long  orientation,  heat 
losses  from  the  edges  are  no  longer  small  compared  to  heat  loss  from  the  front  and 
back  faces,  simply  because  most  of  the  sample  surface  is  now  edge.  From  the 
analysis  of  the  tl^  and  tmax  data  for  the  long  direction  it  is  estimated  that  foe  total 
heat  loss  correction  is  veiy  small  up  to  about  1000  C.  Above  this  temperature,  heat 
loss  corrections  ate  no  longer  negligible.  Unfortunately,  the  analysis  neglects  edge 
heat  loss  from  foe  edges.  In  this  case,  the  problem  becomes  a  strongly  two- 
dimensional  heat  flow  problem  with  a  non-trivial  geometry.  TTius,  foe  long  results 
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above  about  1000  K  are  probably  somewhat  higher  than  the  actual  diffusivity  of 
diamond. 

The  thermal  conductivity  was  calculated  from  the  measured  diffusivity, 
measured  density  (3.5  gm/cm^)  and  the  published  specific  heat  (12). 

RESULTS  AND  DISCUSSION 

The  experimental  results  (both  "short"  and  "long"  direction  data)  are  shown  in 
figure  1.  The  Berman  et  al.  (3, 4)  data  on  three  type  Ila  diamonds  and  the 
Burgermeister  data  (13)  on  one  type  Da  diamond  are  also  shown.  Several  aspects 
are  worth  noting.  First,  the  data  reported  here  is  a  reasonable  extension  to  lugh 
temperatures  of  the  previously  published  data.  However,  upon  closer  examination 
there  is  an  interesting  difference.  Figure  2  shows  both  the  "short"  direction  and 
"long"  direction  data  expanded.  The  best  fit  lines  through  each  one  is  drawn  and 
extended  down  to  300K.  There  clearly  is  a  difference  in  slope  (TI-^ 3  for  the 
"long"  direction  and  T^-^^  for  the  "short"  direction).  Also,  the  slope  through  the 
"long"  data  extends  back  up  to  Berman  et.  al.  data  at  3(X)K  while  the  sloi»  through 
the  "short"  data  extends  back  to  around  where  the  Anthony  et  al.  data  point  is  for 
the  isotopically  pure  diamond.  As  was  discussed  in  the  experimental  section,  the 
"long"  data  above  KXX)  K  is  probably  slightly  high  due  to  the  heat  losses  associated 
with  the  more  complex  geometry.  At  lower  temperatures(below  600  K),  "long" 
data  was  noisy  due  to  the  lower  sensitivity  of  the  detector  at  these  lower 
temperatures.  There  is  thus  a  larger  error  bar  on  that  data  but  it  is  definitely 
systematically  lower  (possibly  due  to  the  operator  systematically  reading  the  noisier 
data).  Based  on  these  two  considerations  it  would  be  tempting  to  consider  the 
"short"  data  to  be  more  accurate  and,  hence,  the  correct  thermal  conductivity.  If  it 
is,  then  it  would  appear  that  the  Anthony  et.  al.  data  on  isotopically  pure  diamond  is 
about  the  same  as  the  thermal  conductivity  of  a  purer  (white  or  less  brownish)  type 
Ila  diamond. 

The  thermal  conductivity  should  vary  as  at  the  highest  temperatures  (above 
the  Debye  Temperature  of  around  2000K)  since  phonon-phonon  interactions 
dominate  the  phonon  scattering  at  these  temperatures.  The  "long"  data  with  a  slope 
of -1.13  is  closer  to  this  -1  value  than  the  "short"  data  with  a  slope  of  -1.54.  No 
compelling  case  can  thus  be  made  for  either  the  "short"  or  the  "long"  data.  To 
resolve  this  impasse,  the  sample  has  been  sent  to  Cornell  University  where  the 
thermal  conductivity  will  be  measured  between  2(X)K  and  4(X)K.  Those  results  will 
be  reported  shortly. 

Figure  3  shows  the  results  reported  here,  the  Berman  et.  al.  data  on  the  best 
type  Ila  diamond  as  well  as  published  data  on  two  diamond  films  (7, 8).  This  high 
temperature  data  will  be  an  upper  limit  for  diamond  films  until  high  purity  single 
crystal  films  can  be  synthesis.  The  data  also  indicates  that  thermal  conductivity 
of  the  films  shown  in  figure  3  probably  peaks  at  around  3(X)K  and  then  would 
probably  drop  sharply  with  increasing  temperature  in  order  to  stay  below  the  high 
temperature  ^ta  reported  here.  The  ^ta  reported  here  can  be  used  to  calculate  tiie 
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best  cumnt  performance  of  the  numerous  possible  high  temperature  applications  of 
diamond  films. 

SUMMARY 

The  thermal  conductivity  of  a  natural  type  Ila  diamond  was  measured  between 
500  and  1250K.  This  is  the  Hrst  time  that  the  thermal  conductivity  of  natural 
diamond  has  bMn  measured  above  4S0K.  The  measurement  was  performed 
through  both  the  "short"  and  "long"  direction  of  the  sample.  Although  the  data 
from  these  two  measurements  agree  well  between  700  and  lOOOK.  there  were  two 
distinct  slopes  through  the  two  sets  of  data  points.  An  extension  of  the  lower  slope 
(T1.13)  data  down  to  300K  agreed  with  the  Berman  et.  al.  data  while  an  extension 
of  the  higher  slope  (T1-54)  data  agreed  well  with  the  Anthony  et  al.  data  on 
isotopicidly  pure  diamond.  The  ttermal  conductivity  of  the  diamond  will  be 
measured  at  Cornell  University  using  the  3f2  method  between  200  and  400K  in 
order  to  resolve  the  difference.  That  data  will  be  published  shortly.  The  reported 
thermal  conductivity  can  be  used  as  a  goal  value  for  the  thermal  conductivi^  of 
diamond  films  and  hence  be  used  to  c^culate  performance  of  devices  using 
diamond  films  at  high  temperatures. 
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Figure  1:  Thermal  conductivity  of  a  natural  type  Da  diamond  between  500  and  1250K  measured  in 
two  directions.  The  Berman  and  Burgemeister  data  is  shown  for  comparison. 
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Figure  2:  The  "long"  and  "short"  direction  thermal  conductivity  data  shown  expanded.  The  two 
siqtes  are  1.13  and  1.S4  respectively.  The  Berman  300K  data  range  and  the  isotopically  pure 
300K  data  pomt  are  shown  for  comparison. 
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Fipife:^:  The  thennal  conductivity  of  a  natural  type  Ila  diamond  between  SOO  and  12S0K.  The 
Morelli  and  Cornell  data  on  diamond  films  is  shown  for  comparison. 
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THE  ROLE  OF  ELASTIC  INTERACTION  OF  PHONONS  IN  DIAMOND 


V.I.Napvha,  V.R.Srinb«rg«  Yu.A.KXyuaVf  N. A.Kolchamanov, 

A.M.NalBtov 

St«t«  Institute  of  Diamond  Research  (VNIIALMAZ) 
129110  Moscow,  Silyarovsky  st.  6S  (USSR) 


It  la  shown,  that  the  dependence  of  synthe¬ 
tic  diamonds  thermal  conductivity  from  isotope 
C  contents  can  be  explained  If  one  takes  Into 
account  elastic  phonon-phonon  interactions  at 
which  the  total  quasi -Impulse  is  preserved  (N- 
processes) .  In  diamonds  with  reduced  ^C  con¬ 
tents  the  affects  of  Polsaullla  phonon  flow  and 
the  second  sound  can  be  revealed. 


In  case,  whan  one  cannot  neglect  the  processes  of 
three-phonons  Interactions  with  the  conservation  of  the 
total  quasi -Impulse  (N-processes>  the  dielectric  thermal 
conductivity  X  in  Debye  approximation  can  be  expressed  as 
follows  (1)1 


ac  *  ae,  +  aeg 


1. 


where  s 


and 


3eo  = 


k  I  Ic  f  Ts  *  jx] 

V  '^/  f  i/r. //r.  T- )  v^ 


j  tTc/TvTRjx^e’‘(e*-4y^(Jx 

Here  k  and  are  Boltzman  and^Plank  constants,  6-  Debye 
temperature,  v  is  the  mean  velocity  of  phonons,  x^no^/kT 
(m}1s  phonon  frequency),  T/yis  the  relaxation  rate  for  N- 
processes,  Tr  is  the  relaxation  rate  with  the  quasi¬ 
impulse  alteration  including  the  three-phonon  interactions 
(U-qrocssses)  and  Tc  is  the  combined  relaxation  rate 
(fc'- Tv*  V). 

Using  expression  1.  and  selecting  the  values  of  parame- 
tres  in  the  expression  for  relaxation  rates  .for  N-proces- 
ses  Tv  (4),  and  U-procasses  “AyT^x^exp  (-oC/T) 

(4,3) ,  one  can  describe  the  experimental  thermal  conducti¬ 
vity  dependence  in  perfect  synthetic  diamonds  from  the 
concentration  of  C  Isotopes  at  300  K,  which  was  obtained 
in  paper  (2)  (Fig.l),  and  also  the  results  of  msasuromant 
2g  in  dsfactless  natural  diamonds  at  320  and  430  K  from 
paper  (3).  In  the  last  case  c>i.l%,  which  corresponds  to 
the  natural  spread  of  '^C  isotope. 
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Thlm  tssti-flaa,  that  N-procnMfl  ar«  pf  graat  impor- 
tanc*.  Maraovar,  Zitnan'a  liirit  ia  wall  practicabla  whan 
ona  Buppaaaa  Xn^< •  Conaaquantly ,  tha  conaidaration  of 
ralatad  hydrodynamic  a'f ‘facta  in  tha  phonona  ayatam  ia  cor'- 
ract. 

It  ia  known,  that  i-f  tha  phonon  fraa  lanpth  in  N-pro- 
caaaaa  ia  much  laaa,  than  in  procaaaaa  with  quaai- 

irnpulaa  altaration  ,  and  £m«1>  Iwh#'*:;  0  ia  tna  cha- 

ractariatic  Mmple  aiza) ,  than  tha  af'factiva  acattaring  at 
boundariaa  *nd  Poiaaullla  phonon  ‘flow  occura.  It 

laada  to  tha  tharmal  conductivity  growth  in  D/t//  timas  in 
compariaon  with  tha  widaapraad  aituation  whan  tha  phonon 
fraa  langth  ia  litnitad  by  tha  aampla  aiza  9  and  ■tk* 

A8  a  mattar  of  fact  for  Poiaaullla  flow  tha  condition  1  <<1 
iu  inaufficiant  and  tha  mora  atrict  ralation  1  1  »D  ia 
nacaaaary  to  ba  fulfillad  <3-S). 

For  taking  into  account  Poiaaullla  flow'  in  fe  > 
wa  uaad  in  tha  axpraaaion  1.  inataad  of  tha  fol¬ 
lowing  axpraaalon: 

D^-t- V*Ti,T/y 
"  v'T/v 

which  in  tha  raqulrad  limit  caaaa  Tw>>D/v  and  't'«<<9/v 
glvaa  for  T|,*“  tha  valuaa  f.|,  and  corraapondlngly. 

Beaidaa  that  at  Tiv « f rom  1.  it  followa  tha  abova  man- 
tionao  crltarion  £(|,£({»9 ^  for  Poiaaullla  flow.  In  tha 
narrow  ra^on  at  Tv  9  tha  axpraaalon  2.  glvaa  tha  ovaraa- 
timatad  £|^  ,  but  not  mar»'=than  two  timaa  graatar. 

On  Fig. 2  tha  raaulta  of  calculation  'for  diamonds 
with  caO  and  10.07*/.  ara  praaantad.  Ona  can  aaa,  that  for 
iaotopically  pura  diamonda  Poiaauilla  flow  can  ba  dia- 
playad  in  tha  tamparatura  ranga  from  15  to  12B  K.  At  T>1SK 
tha  tharmal  conductivity  incraaaaa  with  tamparatura 
steeper  than  and  at  T^70  K  axcaada  tha  tharmal  conduc¬ 
tivity  of  pureat  natural  diamonda  by  two  ordara  of  magni- 
tuda.  This  affact  must  be  also  diaplayad  in  diamonds  with 
c><(O.07*/C  which  ia  described  in  paper  <2> .  But  in  this  case 
tha  maximum  thermal  conductivity  reduces  by  ona  order  of 
magnitude. 

If  the  role  of  N-processas  ia  so  great  than  it  will  ba 
correct  to  consider  the  possibility  of  oscillations  apread 
in  the  phonon  gas  that  is  the  second  aound  having  the  ve¬ 
locity  v/Vy. 

The  conditions  for  tha  existance  and  observation  of 
the  second  sound  in  solids  wars  discussed  in  papers  (6-8) 
and  they  reduce  to  tha  demands  and  A/tv>>l  (A  is 

the  wavelength  of  sound).  At  these  conditions  the  sound 
dissipation  is  proportional  to  tha  value  8  “(Ey/A >  +  (A/£^) . 
f^om  this  wa  can  find  tha  value  X  “  Am  ,  at  which  tha  value 
g  is  minimum.  It  is  easy  to  show  that  Atn“V£»i£t  ■'^‘1 
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By  avaraging  tha  axpraaaion  ■for  'P/V ‘and  Tft,  •f or  phonona 
fraquanciaa  wa  can  gat  <tM>  and  <£k>  and  conaaquantly 
and  Om  •  «  \ 

.  On  Fig. 3  tha  calculatad  valuaa  <£v>,  <£t>i  Am/<tu>  and 
Otn/^m  <ire  indicatad  for  iaotopically  pura  diamond  with 
tha  sample  cross  section  S^lBrnm.  Tha  optimum  conditions 
for  the  second  sound  axistanca  cor'^espond  to  temperature 
range  30-70  K  at  frequency  f 10®  Hz. 

The  examined  experimental  results  can  be  also  satisfac¬ 
torily  described  using  the  expression  for  the  relaxation 
rates  in  the  form 'C/J  “A;j,T’x^  and  Tj’ “A^T^^x^exp  (-ot/T) .  In 
this  case  the  hydrodynamic  affects  are  not  so  strong  as 
was  obtained  above.  Nevertheless'  it  follows  from  our  calcu¬ 
lations  that  at  such  a  consideration  Poisauille  phonon 
flow  and  second  sound  can  be  displayed  rather  clearly  in 
isotopically  pure  diamonds  at  S>10mm. 

In  conclusion  we  must  note  that  the  results  of  this  pa¬ 
per  have  the  character  of  estimations,  which  in  more 
degree  admit,  than  prove  the  possibility  of  observation  in 
diamonds  such  rare  efiects  as  Poiseuille  phonon  flow  and 
second  sound. 
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Flg.l.  Th«i dapandance  of  di¬ 
amond  tharmal  conductivity 
■from  the  content  of  carbon 
isotope  C  at  T>3(9I9  K. 

O  experimental  results  (2); 

__  ^calculated  results  in 
Ziman's  limit;  ..i_  results, 
calculated  according  to  the 
expression  1. 


Fig. 2.  The  calculated  re¬ 
sults  for  diamond  thermal 
conductivity  dependence  on 
temperature  (  - with  tak¬ 

ing  into  account  Poiseuille 
phonon  flow  and _ with¬ 

out  it). 

1  -  0=0,  D=10mm;  2  -  c=0, 
D=lmm;  3  -  c=0.077C,  D=lmm. 
The  experimental  results 
are  for  natural  diamond 
with  Dftlmm  (  O  from  paper 
(S) ,  •  from  paper  (3)). 


Fig. 3.  The  calculated  re¬ 
sults  <£v>,  <£e>,  Sm/Jim  , 
Ain/<£*^>  for  a  diamond  with 
c=0  at  D=10mm. 
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ABSTRACT 

Synthetic  Type  Ib  diamonds  have  been  heated  from  1700*C  to 
2000°C  in  .atmospheres  of  helium  and  nitrogen.  CVD  films  have  been 
neated  at  1800°C  for  comparison  to  the  bulk  diamonds.  The  percent  of 
graphitization  for  the  (111),  (100),  and  (110)  orientations  of  natural 
type  Ila  diamond  have  b^n  studied.  It  was  found  that  the  (110) 
onentation  had  the  highest  graphitization  while  the  (100)  was  slightly 
graphitized  and  the  (111)  was  least  graphitized.  Surface  to  volume 
ratios  confirmed  that  graphitization  is  controlled  by  surface  rather  than 
bulk  nucleation  up  to  1900®C.  IR  and  UV-Visible  spectra  were  found 
to  be  a  sensitive  indication  of  graphitization. 


INTRODUCTION 

The  work  of  Friedel  and  Ribaud  (1)  has  shown  that  there  are  two  regimes  of 
diamond  graphitization  when  heated  in  an  inert  atmosphere.  For  lower  temperatures 
graphitization  is  confined  to  the  surface  and  the  bulk  of  the  diamond  remains 
undamaged.  However,  for  temperatures  above  1700®C,  graphitization  occurs  in  the 
bulk  of  the  diamond  causing  cracks,  and  usually  disintegration.  The  transition 
temperature  between  the  two  distinct  regimes,  called  Tg,  has  also  been  quantified  by 
Seal  (2)  to  be  around  1700®C  for  diamonds  heated  30  minutes.  He  suggests  that  in  the 
lower  temperature  regime  the  direct  diamond  to  graphite  change  either  is  very  slow  or 
does  not  occur.  Above  Tg,  the  change  is  primarily  a  bulk  reaction  because  the  nuclei 
of  graphite  formed  on  the  surface  are  insufficient  to  account  for  the  observed  rate  of 
graphitization. 

The  pu^se  of  our  work  was  to  determine  the  effects  of  graphitiz?.tion  for  periods 
of  two  to  rour  minutes,  study  how  nitrogen  content  of  type  Ib  diamonds  affects 
graphitization,  and  compve  our  CVD  films  to  the  bulk  diamonds. 


EXPERIMENTAL 

Initial  experiments  were  performed  with  faceted  diamonds  in  a  helium  atmosphere 
to  determine  an  approximate  graphitization  temperature.  Quantitative  experiments 
were  then  achieved  in  this  temperature  range  with  synthetic  and  natural  diamonds. 
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Synthetic  type  Ib  diamonds  were  supplied  by  Sumitomo  Electric  Carbide  Inc.  and 
natural  type  Ila  diamonds  were  from  Dubbeldee  Harris  Diamond  Corporation. 

The  furnace  was  an  Astro  Model  1000,  which  had  a  minimum  warm-up  time  of 
an  hour.  Therefore,  modifications  were  made  to  dispense  the  diamond  from  a  room 
temperature  environment  into  the  center  of  the  furnace,  and,  after  a  few  minutes, 
extract  the  diamond  out  of  the  "hot  zone."  The  temperature  was  monitored  with  an 
optical  pyrometer  and  corrected  for  passai^e  through  the  quartz  viewport.  Inert 
atmospheres  of  nitrogen  and  helium  were  controlled  by  flow  meters  supplied  with  the 
Astro  furnace.  Pressure  was  maintained  at  approximately  1  atm. 

The  Raman  spectra  were  used  to  analyze  changes  in  bonding  structure.  The 
surface  moipholo^  was  characterized  by  optical  micrographs  both  before  and  after 
giaphitization.  The  rate  of  graphitization  was  examined  by  UV-Visible  and  IR 
spectroscopy. 

In  addition,  the  percent  of  graphite  was  calculated  from  Archimedes'  principle 
using  the  volume  change  of  the  heated  diamonds.  The  volume  was  determined  by 
weighing  in  air  and  in  a  liquid  with  a  density  of  2. 10  ±  0.05  gm/cc  at  23*’C.  Due  to 
the  precision  of  the  balance  when  weighing  small  masses,  large  uncertainties  were 
intr^uced  with  the  Archimedes'  measurement.  The  densities  of  graphite  and  diamond 
are  2.26  and  3.S1S  gm/cc  respectively,  so  complete  conversion  to  graphite  would  be 
associated  with  more  than  a  50%  change  of  volume.  The  percentage  of  increased 
volume  was  defined  and  calculated  from  the  following  equation; 


experimental  volume  change 

flV  *  - 

volume  change  from  100%  diamond  to  100%  graphite 


(W.  -  Wi)/Di  -  Wt/Dd 

-  •  100%  (1) 

Wi  (1/Dg  -  1/Dd) 


where,  Wt  and  Wi  are  weights  in  air  and  liquid,  Di,  Dg,  and  Dd  are  the  densities  of  the 
liquid,  graphite  and  diamond,  respectively.  If  volume  changes  due  to  cracking  are 
neglect^,  then  this  equation  calculates  the  percent  of  graphite  with  reference  to  a 
to&ly  graphitized  specimen. 


RESULTS  AND  DISCUSSION 
1.  Crystal  plane  dependence 

Ine  graphitization  was  determined  for  the  (100),  (110),  and  (111)  planes  by 
subjecting  '^qie  Ha  natural  diamond,  samples  1,  2  and  3,  to  a  ISOiO'^C  helium 
atmosphere  for  two  minutes,  as  shown  in  Table  1.  All  planes  were  specified  by  the 
vendor  to  within  ±3*.  Both  the  UV-Visible  and  IR  spectra  decrease  in  ma|nitude 
with  increasing  temperature,  but  the  shape  of  the  IR  spectra  is  not  significantly 
modiBed  by  heating.  Therefore,  changes  in  the  IR  spectra  are  characterized  in  Table 
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1  by  the  IR  transmission  ratio,  the  ratio  of  transmittance  before  heating  to  after 
heating.  Since  graphite  is  opaque  to  this  radiation,  large  ratios  correspond  to  more 
graphitization.  Table  1  shows  diat  the  IR  transmission  ratio  at  the  arbitrarily  chosen 
wave  number  4000  cm  increases  slightly  from  1.2  to  1.4  in  changing  from  (111)  to 
(100)  orientations  and  then  rises  substantially  to  69  with  the  (1 10)  orientation.  The 
^rcent  graphite  calculated  from  Archimedes'  principles  also  remains  consistent  with 
this  ordering. 

The  plane  with  the  lowest  graphitization  rate  does  not  agree  with  Seal's  (2)  result 
which  had  a  lowest  rate  on  (100).  A  possible  reason  is  due  to  the  different  grades  of 
diamond.  However,  the  results  indicate  that  the  (111)  and  (100)  surfaces  have  very 
similar  surface  activation  energies  which  are  significantly  larger  than  the  energy  of 
(110)  surface. 

Optical  micrographs  of  these  three  samples  after  the  two-minute  heating  show 
discretely  distributed  graphitization  sites.  This  observation  confirmed  that  the  initial 
stage  of  graphitization  does  not  cover  all  the  surface  (3). 

2.  Tcmpcratwrg  dependence 

The  synthetic  diamonds  were  subjected  to  temperatures  from  1700°C  to  2000“C, 
and  the  Archimedes'  measurement,  UV-Visible  and  IR  spectra  indicated  the  amount  of 
graphitization.  Figure  1(a)  gives  the  IR  spectrum  for  an  unheated  CD2016  diamond 
while  Figure  2(a)  gives  the  UV-Visible  spectrum.  Figures  1  and  2  also  give  the 
spectra  of  CD2016  diamonds  at  1700,  1800,  and  1900*0  in  the  same  fashion.  The  IR 
transmission  ratios  show  a  targe  increase  occurring  between  1800  and  1900*C,  wnich 
agree  with  the  calculated  percent  of  graphite. 

The  UV-Visible  spectra  for  the  same  diamonds  illustrate  an  impurity  to 
conduction  gap  of  2.7  eV  (465  nm).  The  absorption  feature  at  660  nm  was  due  to  a 
poor  diode  in  the  detector  array  and  should  be  neglected  in  all  the  UV-Visible  spectra. 
In  addition,  the  discontinuity  at  400  nm  was  due  to  a  lamp  change,  and  thus  should 
also  be  neglected.  The  2.7  eV  gap  is  not  significantly  changed  at  1700  or  1800*0,  but 
when  subjected  to  1900*C,  an  abrupt  change  occurs  in  the  UV-Visible  spwtrum.  In 
particular,  the  gap  disappears,  and  the  sample  is  almost  totally  opaque  to  Uiis  radiation. 
Optical  micrographs  of  the  synthetic  diamonds  show  that  cracks  in  the  diamond 
surface  act  as  nucleation  sites  for  graphitization  as  illustrated  in  Figure  3.  This  type  of 
nucleation  was  not  apparent  in  the  natural  diamond. 

In  addition  to  IR  and  UV-Visiblc  spectra,  Raman  spectra  were  taken  on  CD2016, 
sample  1,  as  illustrated  in  Figure  4(a),  after  being  subjected  to  1800*C  for  two 
minutes  in  a  helium  atmosphere.  The  o^y  feature  of  the  spectrum  is  the  diamond  line 
at  1333  cm'i .  Figure  4(b)  shows  the  appearance  of  graphite  peaks  in  addition  to  the 
diamond  line  when  sample  3  was  exposed  to  19()0*C  in  the  same  environment.  Peaks 
were  at  1333,  1347,  and  1589  cm-‘  with  half-widths  of  6,  71,  and  66  cm-i 
respectively.  The  p^  at  1347  cm**  apwars  when  long  range  order  is  lost  and 
momentum  is  no  longer  conserved  in  the  soud.  This  can  happen  when  the  structure  is 
amorphous  or  when  tlie  granite  particles  are  microcrystalline  Oess  than  10  nm)  (4). 
The  half-widths  of  the  1347  and  1589  cm'>  peaks  are  consistent  with  either 
microcrystalline  graphite  or  amorphous  carbon,  so  Raman  spectroscopy  alone  canr>ot 
distinguish  between  these  two  alternatives.  However,  the  appearance  of  an  amorphous 
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structure  at  such  a  high  temperature  is  very  unlikely,  so  the  microcrystalline 
explanation  is  probably  correct. 

3.  Time  dependence 

An  indication  of  the  effect  of  time  on  graphitization  was  studied  by  extending  the 
furnace  time  from  two  to  four  minutes  at  ISOO^C  in  a  helium  atmosphere  for  both 
natural  and  synthetic  diamonds.  Table  1  shows  the  expected  increase  in  graphitization 
with  time,  although  it  should  be  noted  that  some  diamond  remains  intact  after  four 
minutes  at  ISOO^’C.  In  addition.  Figure  S(a),(b),  and  (c)  illustrate  the  UV-Visible 
spectra  as  a  function  of  time.  In  Figure  S(b),  after  heating  for  two  minutes,  the 
transmittance  is  reduced  throughout  the  entire  spectral  range,  the  absorption  edge  is 
still  well  defined  at  22S  nm,  and  a  broad  absorption  feature  appears  at  260  nm.  ^^en 
time  is  extended  to  four  minutes.  Figure  S(c),  the  transmittance  is  further  reduced,  a 
broad  absorption  feature  occurs  at  285  nm,  and  the  band  edge  is  no  longer  defined. 

4.  Nitrogen  atmosphere 

The  effect  of  a  nitrogen  atmosphere  on  Type  Ib  synthetic  diamonds  was  studied 
because  graphitization  occurs  predominantly  along  cracks  in  synthetic  diamonds,  but 
not  in  natur^  diamonds.  A  comparison  of  helium  and  nitrogen  atmospheres  is  made  in 
Table  1,  synthetic  diamonds  (CD1210)  samples  1,  5,  6,  and  7.  The  percent  graphite 
calculated  with  the  Archimedes'  technique  does  not  change  significantly  as  nitrogen  is 
introduced,  but  the  weight  loss  incurred  rises.  In  addition.  Figures  6(a)  and  6(b)  are 
micrographs  of  synthetic  diamonds  subjected  to  19(X)°C  in  helium  and  nitrogen, 
respectively.  They  indicate  that  cracking  is  accelerated  in  the  nitrogen  atmosphere, 
accompanied  by  a  dendritic-like  growth.  The  increased  weight  loss  is  probably  due  to 
the  formation  of  carbon-nitrogen  gaseous  compounds. 

5.  CVD  diamond 

Another  set  of  temperature-dependent  studies  was  done  using  our  films  deposited 
by  rf  plasma  enhanced  chemical  vapor  dqwsition  (S).  The  substrates  were  poor 
quality  natural  faceted  and  flat  diamond  containing  some  graphite  inclusions.  In  nm 
156,  3.19  mg  of  film  was  deposited  on  a  .substrate  of  42.11  mg,  resulting  in  a 
composite  specimen  containing  about  7.0%  by  mass  of  film.  This  was  put  in  a  helium 
atmosphere  for  two  minutes  at  ISOO’C,  and  a  weight  loss  of  0.02  mg  was  recorded. 
The  Archimedes'  results  were  interpret^  with  a  slight  modification  to  equation  (1)  to 
yield  the  volume  percent  graphite  for  the  composite  specimen.  This  measurement 
determined  that  the  heated  material  contained  (2±1)  %  by  volume  of  graphite,  or 
(1.3  ±0.7)  %  by  mass  of  graphite;  thus,  establishing  that  a  large  portion  of  the  film 
survived  this  temperature  in  the  diamond  phase.  Typical  optical  micrographs  of  these 
films  are  illustrated  in  Figure  7(a),  before  heating,  and  7^),  after  two  minutes  in  a 
ISOO’C  environment.  The  morphology  in  Figure  7(a)  consists  of  an  interesting  pattern 
of  pyramids  and  under  higher  magnification  the  micrographs  clearly  exhibit  an 
orthogonal  set  of  crack  patterns.  Figure  7(b)  shows  that  the  most  extensive  black 
regions  are  at  the  intersection  of  cracks.  Thus,  cracks  appear  to  be  the  dominant 
nucleation  centers  for  graphitization  in  films  as  well  as  synthetic  diamonds. 


SUMMARY 

We  have  determined  that  the  relative  change  in  IR  transmission  is  a  ven  good 
diagnostic  for  graphitization.  An  abrupt  change  in  the  rate  of  graphitization  of  natural 
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and  synthetic  diamonds  occurred  between  1800  and  1900°C  for  the  two  minute  heating 
time.  Therefore,  the  onset  of  the  second  temperature  regime,  Tg,  for  bulk  reaction  is 
between  1800  and  1900°C.  IR  transmission  rctios  for  the  (100)  and  (1 1 1)  orientations 
indicate  that  natural  diamonds  are  slightly  less  graphitized  than  synthetic  diamonds. 
We  also  have  determined  that  our  CVD  films  are  as  resistant  to  graphitization  at 
1800‘C  as  the  bulk  diamonds. 
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Tabic  1.  Summary  of  experimental  conditions  and  results 


Samples 

T 

Gas 

Time 

IR 

AV 

Comment 

#  ("C) 

(min) 

Ratio 

% 

1  Natural  Type  Ila  Diamond 

(100)  1  1800 

He 

2 

1.4 

5  ±2 

darker  &  transparent 

(110)  2  1800 

He 

2 

69 

13±2 

darkest  &  opaque 

(111)  3  1800 

He 

2 

1.2 

1±4 

light  dark  &  transparent 

(JOO)  5  1800 

He 

4 

3.7 

>25 

pi^y  disintegrated 

1  Synthetic  Type  Ib  Diamond 

UP303015 

(100)  1  1800 

He 

2 

1.6 

3±1 

light  dark 

(100)  2  1800 

He 

4 

12 

>6 

p^y  disintegrated 

CD2016 

(111)  1  1800 

He 

2 

1.5 

5±2 

light  dark 

(111)  2  2000 

He 

2 

black  &  disintegrated 

(111)  3  1900 

He 

2 

34 

14±2 

dark 

(111)  4  1700 

He 

2 

1.4 

2±2 

light  dark 

CD1210 

(111)  1  1900 

He 

2 

30±7 

dark  &  opaque 

(111)  5  1800 

He 

2 

0* 

6±6 

light  dark 

(111)  6  1900 

N2 

2 

0.80*  30±7 

dark  &  opaque 

(111)  7  1800 

N2 

2 

0.03*  7±6 

light  dark 

•  Weight  loss  (mg) 

459 


460 


FIGURE  3,  SYNTHETIC  DIAMOND  FIGURE  4,  SYNTHETIC  DIAMOND 
ISOO^C,  400X  (A)  1800»C,  (B)  1900®C 
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A 


B 


FIGURE  6,  SYNTHETIC  DIAMOND,  1900“C,  400X,  2  MIN. 
HELIUM  ON  LEFT,  NITROGEN  ON  RIGHT 


FIGURE  7,  CVD  DIAMOND  FILM,  100X,  2  MIN. 
UNHEATED  ON  LEFT,  AFTER  1800"C  ON  RIGHT 


462 
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ABSTRACT 

Thermal  oxidation  of  CVD  diamond  films  on  ill 
oriented  silicon  wafers  in  oxygen  at  atmospheric 
pressure  and  up  to  1273  K  was  Invostigated  by 
tharmogravimetry.  The  data  is  compared  with  that 
of  100  and  111  oriented  type  lla  natural  diamond 
wafers,  natural  diamond  and  graphite  powders.  As 
deposited  diamond  films  on  one  side  of  a  silicon 
wafer  appear  gray  in  color  and  turn  black  on 
oxidation.  A  free  standing  diamond  film  has  a 
pale  yellow  color  which  is  unaffected  by 
oxidation.  Extensive  oxidation  occurs  by  etching 
pits  on  the  surfaces  and  edges  of  diamond  grains. 
X-ray  diffraction  do  not  indicate  transformation 
to  non-diamond  carbon  forms.  Raman  spectroscopy 
indicates  a  decrease  in  the  amount  of  non-diamond 
carbon  on  oxidation.  Diamond  films  start  to 
oxidize  at  a  much  lower  temperature  as  compared  to 
natural  diamond  and  graphite  powders.  The  rate 
of  oxidation  of  diamond  films  is  lower  than  the 
rates  of  oxidation  of  ill  and  lOO  oriented  diamond 
wafers.  The  oxidation  behavior  is  consistent  with 
at  lease  two  reaction  paths. 


INTRODUCTION 

The  potential  applications  of  CVD  diamond  films  in  ad¬ 
vanced  materials  technology  are  numerous  (l).  it  is 
anticipated  that  in  the  very  near  future,  products  coated 
with  diamond  by  the  CVD  method  would  be  commercially 
available  (2).  in  many  of  the  applications,  diamond  coated 
components  would  be  exposed  or  could  get  exposed  to  oxygen 
in  air  at  elevated  temperatures.  Such  an  exposure  may 
lead  to  graphitization  and/or  oxidation  of  the  diamond  film 
with  associated  degradation  in  properties  followed  by 
premature  failure  of  the  component.  A  study  of  the 
thermal  oxidation  of  CVD  diamond  films  is  vital  for  seeking 
information  regarding  environmental  limitations  in  terms  of 
temperature  and  oxygen  potential  for  safe  use  of  such  films 
in  potential  applications.  There  is  considerable  amount 
of  interest  among  the  researchers  in  this  area.  This  is 
evident  from  several  papers  that  have  appeared  recently  (3- 
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9) .  Th*  purpos*  of  this  doouaontation  is  to  furthsr  under¬ 
stand  tbs  asohanisD  and  kinaties  of  thamal  oxidation  of 
CVD  diamond  films. 


EXPERIMENTAL 

Diamond  films  wars  synthaslsad  from  CH.-Hj  ^as  mixtures 
on  111  oriented  sllloon  wafers  by  the  hot  filament  assisted 
CVD  technique.  All  films  were  prepared  under  identical 
oondltlons.  (Filament  temperature  =  2275  K,  Substrate 
temperature  =  1225  %,  System  pressure  =  30  torr.  Total  gas 
flow  rata  =  100  seam.  Methane  content  of  input  gas  =  0.5 
v%/  Distance  between  filament  and  substrate  =  0.5  cm). 
The  films  grew  at  a  rate  of  0.35  /im/ht  and  were  grown  for 
20  hrs.  The  average  film  thickness  was  about  7  na. 

Oxidation  mea8ur<'iients  were  carried  out  in  a 
thermogravimetrio  system.  Initially  silicon  wafer  coated 
with  diamond  on  one  side  is  placed  in  a  quartz  sample 
hanger  which  is  then  suspended  from  one  arm  of  the  Cahn 
balance  with  a  fine  platinum  wire  into  the  hot  zone  of  the 
furnace  (0.05  m  Icng  in  the  middle) .  UHP  grade  oxygen  is 
allowed  to  flow  at  8.3  x  10~*  m^/a  at  STP  and  the  furnace 
is  turned  on.  weight  loss  sustained  by  the  sample  and 
furnace  temperature  is  monitored  continuously  as  a  function 
of  time  as  the  furnace  is  heated  up  to  1273  X.  In  case  of 
isothermal  experiments/  the  systm  is  first  purged  with  UHP 
grade  argon  flowing  at  8.3  x  10~^  m^/s  at  STP  for  at  least 
3600  s  before  the  furnace  is  turned  on.  Preheating  is 
carried  out  under  flowing  argon  till  the  furnace  reaches 
the  desired  temperature.  At  this  stage  argon  flow  is 
terminated  and  oxygen  is  allowed  to  flow  at  8.3  x  10**^ 
m^/s.  All  oxidation  measurements  were  conducted  at 
atmospheric  pressure. 


RESULTS  AMD  DISCUSSION 
Macroscopic  observatlcns 

The  films  attached  to  one  side  of  a  silicon  wafer  appear 
gray  in  color.  On  the  other  hand  a  free  standing  diamond 
film  obtained  by  etching  the  silicon  wafer  in  a  HF-HMO3 
solution  (in  the  ratio  of  1:3)  is  pale  yellow  in  color. 
When  a  diamond  film  attached  to  the  silicon  wafer,  a  free 
standing  diamond  film,  a  lOO  and  a  111  oriented  natural 
diamond  wafer  are  heated  in  flowing  argon  gas,  no  weight 
change  is  observed  and  samples  do  not  undergo  any  color 
change.  when  heating  is  carried  out  in  flowing  oxygen, 
all  samples  lose  weight.  Diamond  film  attached  to  the 
silicon  wafer  changes  its  color  from  gray  to  black,  where 
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a  fra*  atandlng  diamond  film  and  natural  diamond  wafars 
do  not  axparlano*  color  ohang*.  This  suggest  that  th* 
color  ohang*  is  not  a  result  of  a  simple  physical 
transformation  of  diamond  to  nondiamond  oarbon  forms.  Th* 
preseno*  of  substrate  and  oxygen  is  essential  for  color 
ohang*. 

Ileotron  Microscopy 

Typical  8EM  micrographs  of  th*  growth  side  and  th*  sub¬ 
strate  side  of  th*  diamond  films  before  and  after  oxidation 
are  presented  in  Fig.  la-ld.  Oxidation  was  carried  out  at 
973  K  till  films  lost  25%  of  their  initial  weight.  Zn 
case  of  unoxldised  films  th*  growth  side  is  dominated  by 
octahedral,  (ill)  morphology.  The  individual  grains  are 
0.5  -  3  tin  in  sis*.  The  substrate  side  is  extremely 
smooth.  Qrain  boundaries  are  clearly  visible  along  with 
voids.  After  oxidation  th*  growth  side  shows  pits  of 
various  sises.  Well  faceted  crystals  cannot  be  seen.  The 
degree  of  attack  appears  to  be  th*  same  all  over.  Th* 
oxidation  behavior  of  the  substrate  side  of  the  film  is 
quit*  different.  Etching  appears  to  be  more  severe  at  th* 
boundaries  between  th*  grains  rather  than  the  interior  of 
th*  grains. 

SEM  micrographs  of  (100)  and  (111)  surfaces  of  natural 
diamond  wafers  before  and  after  oxidation  are  presented  in 
Fig.  2a-2d.  The  figures  show  that  (100)  surface  is  more 
resistant  to  oxidation  as  compared  to  (ill)  surface.  such 
a  behavior  has  been  reported  previously  (9) .  such  surfaces 
in  the  CVO  diamond  films  before  and  after  oxidation  are 
presented  in  Fig.  3a  and  3b  respectively.  After  oxidation 
(100)  surfaces  (square  shaped)  remain  smooth,  while  (111) 
surfaces  (triangle  shaped)  show  pits  on  the  surface  due  to 
etching  with  oxygen.  Such  differences  have  been  attributed 
to  defect-  sites  on  (ill)  surface  (10).  These  defects  are 
bellev'eu  to  be  dislocations  running  normal  to  the  (111) 
faces  (10). 

Z-ray  Diffraction 

Z-ray  diffraction  patterns  of  diamond  films  on  silicon 
wafer,  before  and  after  partial  oxidation  are  presented  in 
Fig.  4a  and  4b  respeotively.  in  the  26  range  scanned 
unoxldised  diamond  film  show  all  peaks  of  diamond.  After 
partial  oxidation  diamond  peaks  are  still  visible,  despite 
the  loss  of  well  faceted  crystals  as  evidenc'jd  by  SEM. 
Peaks  pertaining  to  other  oarbon  phases  were  not  detected 
after  oxidation.  Therefore,  either  no  phase  transforma¬ 
tion  occurred  or  th*  transformed  phases  are  amorphous. 

Raman  Spectroscopy 

Raman  spectra  of  diamond  filmn  *'*for*  and  after  partial 
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oxidation  aro  prasantad  in  rig.  5a  and  Sb  raspaotivaly. 
Tha  sharp  paak  at  1331.7  om~*  is  oharaotaristio  of  diamond. 
Tha  bro^d  paak  oantarad  at  about  1500  on**^  arisas  from  a 
highly  lisordarad  phasa  consisting  both  sp^  and  sp^ 
hybridiatd  oarbon  that  naad  not  ba  graphitic  in  nature. 
Tha  lowering  of  tha  intensity  of  the  broad  maximum  relative 
to  tha  diamond  paak  after  oxidation  indioatas  that  the  non¬ 
diamond  oarbon  in  tha  film  is  oxidised  at  a  higher  rata  as 
oomparad  to  diamond.  Raman  spaotrosoopy  did  not  reveal 
tha  formation  of  graphite.  Either  no  phase  transformation 
ooourrad  or  if  diamond  transformed  to  a  form  raprasantad  by 
tha  paak  oantarad  at  around  1500  om"^,  tha  rate  of  oxida¬ 
tion  of  tha  transformed  phasa  is  higher  than  tha  rata  of 
its  transformation. 

Tharmogravimatry 

Tha  thermogravimatric  curves  for  tha  oxidation  of  a 
typical  diamond  film  on  one  side  of  a  silicon  wafer,  (100) 
and  illl)  oriented  type  Ila  natural  diamond  wafers  are 
prasantad  in  Fig.  6.  Tha  film  was  22  mm  in  diameter,  3.5 
urn  thick  and  weighed  4.8  mg.  Tha  natural  diamond  wafers 
were  2.5  x  2.5  x  0.25  mm  in  slsa  and  weighed  5.5  mg  each. 
The  geometrlo  surfaoa  area  available  for  oxidation  was  380 
mm^  for  tha  film  and  15  mm^  for  tha  wafers.  Tha  figure 
Indioatas  that  tha  diamond  film  begins  to  oxidise  at  the 
lowest  tamparatura  followed  by  (ill)  natural  diamond  wafer 
and  finally  (lOO)  oriented  natural  diamond  wafer.  Tha 
lower  inception  tamparatura  of  {111)  surfaoa  as  oomparad  to 
(100)  surface  is  dua  to  tha  higher  oxidation  resistanoe  of 
(100)  surfaoa  as  compared  to  (111)  surface.  The  lower 
Inception  tamparatura  for  tha  oxidation  of  CVD  diamond  film 
can  ba  attributed  zo  tha  prasanoa  of  small  amounts  of  non- 
diamond  carbon,  hydrogen,  high  concentrations  of  crystal 
defects  such  as  vaesinolas,  twins,  dislocations,  etc.  and 
residual  strass.  Tha  slopes  of  tha  curves  indicate  that 
CVD  film  oxidises  at  tha  highest  rata,  followed  by  (111) 
and  (100)  surfaces  of  natural  diamond.  Thermogravimstrie 
curves  for  the  oxidation  of  natural  graph! ta  powder  (1  im) 
and  natural  diamond  powder  (43  nm)  are  also  presented  in 
Fig.  6.  The  specific  surface  areas  of  the  two  powders 
ware  not  measured.  However,  tha  geometric  surface  area 
available  for  oxidation  was  80  mm^  in  each  case.  Tha 
samples  weighed  8  mg  each.  Rgain  diamond  film  begins  to 
oxidize  at  a  lower  temperature  as  compared  to  graphite  and 
diamond  powder. 


COMCLDSXOH8 

Zn  flowing  oxygen  and  at  atmospheric  pressure,  CVD  dia¬ 
mond  films  begin  to  oxidize  at  temperature  close  to  950  K. 
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This  t«mp*ratur«  la  lower  thaa  that  of  {111}  and  (lOO) 
aurfaoa  of  natural  diamond.  Similarly  natural  graphite 
and  diamond  powders  begin  to  oxidise  at  higher  temperatures 
as  compared  to  CVO  films.  On  oxidation,  diamond  films 
deposited  on  one  side  of  silicon  wafer  turn  black.  This 
dark  appaaranoe  Is  not  a  result  of  phase  transformation  of 
diamond  as  evidenced  by  x-ray  diffraction  and  Raman  speo- 
trosoopy.  At  973  K  extensive  oxidation  ooours  by  etching 
pits  on  the  surface  and  edges  of  diamond  grains.  (100) 
surfaces  appear  to  be  more  resistant  to  oxidation  as  oom- 
pared  to  (111)  surfaces.  The  oxidation  proceeds  either  by 
direct  formation  of  CO  and  CO2,  or  If  an  Intermediate 
oarbon  phase  In  Involved,  the  oxidation  rate  of  the 
Intermediary  Is  higher  than  Its  rate  of  formation. 
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Fig.  1 


SEM  micrographs  of  diamond  films  (a)  growth  side 
before  oxidation  (b)  substrate  side  before  oxida¬ 
tion  (c)  growth  side  after  oxidation  and  (d)  sub¬ 
strate  side  after  oxidation. 
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Fig.  2  SEM  micrographs  of  (a)  {ill}  natural  diamond  before 
oxidation  (b)  {lOO}  natural  diamond  before  oxida¬ 
tion  (c)  (.111}  natural  diamond  after  oxidation  and 
(d)  {100}  natural  diamond  after  oxidation. 


Fig.  3  SEM  micrographs  of  diamond  films  showing  (100}  and 
(ill}  surfaces  (a)  before  oxidation  (b)  after 
oxidation. 
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Fig.  4  X-ray  diffraction 
patterns  of  (a)  unoxidi2ed 
and  (b)  oxidized  diamond 
film. 


Pig.  5  Raman  spectra  of  (a) 
unoxidized  and  (b)  oxidized 
diamond  film. 


TEMPERATURE  (K) 


Fig.  6  Therraogravimetric  curves 
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ABSTRACT 


Diamond  films  have  the  potential  of  being  used  as  the  high 
temperature  insulator  in  space  nuclear  power  components  such  as  thermionic 
and  thermoelectric  energy  conversion  devices.  The  bulk  electrical  resistivity 
of  the  films  should  be  sufficiently  high  and  die  films  should  be  stable  at  die 
highest  operating  temperatures  of  these  components.  There  appears  to  be  a 
large  difference  (several  orders  of  magnitude)  in  room  temperature  resistivity 
between  films  fabricated  using  various  techniques,  conditions,  and  substrates. 
A  variation  in  resistivity  between  BIms  at  high  temperatures  has  also  been 
observed  but  is  not  as  pronounced  as  at  room  temperature.  The  resistivities 
of  several  films  have  been  measured  from  room  temperature  to  1200C  and 
will  be  reported.  The  iilms  were  characterized  by  Raman  and  scanning 
electron  microscopy..  The  resistivities  have  also  been  compared  to  that  for 
natural  type  Ila  diamond. 


INTRODUCTION 

The  energy  conversion  components  of  high  temperature  space  nuclear  power  sources 
(thermionic  and  thermoelectric)  have  the  need  for  a  hi^  temperature  electrical  insulator  that 
is  structurally  and  electrically  stable  under  the  continuous  exposure  to  the  harsh  environment 
of  a  space  nuclear  reactor.  The  insulator  would  need  to  maintain  exposure  to  at  least  a 
temperature  of  8(X)C,  a  1  MeV  neutron  fluence  of  lO^cm^,  and  possibly  direct  contact  with 
a  liquid  alkali  metal  coolant.  The  ideal  material  for  this  application  would  maintain  a  high 
bulk  electrical  resistivity  to  prevent  leakage  current  losses  while  providing  a  high  thermal 
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conductivity  to  enhance  the  cooiing  of  certain  contponents.  A  diamond  film  is  an  excellent 
candidate  to  be  this  insulator  if  it  can  fulfill  these  requirements. 

The  diamond  films  that  appear  to  have  the  most  promise  of  meeting  these 
requirements  are  those  synthesized  by  plasma-enhanced  chemical  vapor  deposition  (PECVD) 
techniques.  These  films  display  typical  Raman  spectra  of  diamond  with  a  strong,  sharp 
diamond  bonded  carbon  signal  at  1332  wave  numbers  and,  for  some  films,  a  lesser  and  more 
broad  non-d'~mond  bonding  signal  1550  wave  numbers  representing  a  graphitic  or 
amorphous  carbon  component.  A  comparison  of  the  electrical  properties  of  these  films  with 
those  of  natural  diamond  over  a  wide  range  of  temperature  is  a  good  indicator  of  the  high 
temperature  insulating  performance  of  state-of-the-art  diamond  films. 

Tlie  thermal  conductivity  of  PECVD  diamond  films  at  room  temperature  has  been 
measured  to  be  around  18  W/cm-K  [1]  indicating  that  these  diamond  films  are  superior  in 
this  property  to  all  known  materials  at  room  temperature  excqit  for  natural  diamond  (20 
W/cm-K  for  type  Ila).  The  electrical  resistivities  of  many  diamond  and  diamond-like  films 
have  been  measured  at  room  temperature.  Resistivity  values  at  this  temperature  have  ranged 
anywhere  from  10*  -  10'*  ohm-cm  conqiared  to  10’*  ohm-cm  for  natural  type  Ila  (low 
nitrogen  content)  diamond.  From  this  prior  data,  it  appears  that  diamond  films  deposited  to 
date  have  not  equaled  the  electrical  insulating  properties  of  natural  diamond  at  room 
temperature.  There  is  a  lack  of  data,  though,  for  diamond  films  and  natural  diamond 
resistivity  at  high  temperatures  (above  700C). 

We  recently  presented  results  which  were  the  first  electrical  conduaivity/resistivity 
measurements  of  diamond  and  diamond  film  at  temperatures  up  to  120(K;  [2].  Two  natural 
Ila  diamonds,  two  diamond  films,  and  three  dismond-like  films  were  evaluate  in  this  study. 
The  diamond  films  displayed  high  temperature  resistivities  that,  in  one  case,  approached  that 
of  the  natural  diamond  and,  in  the  other,  actually  exceeded  the  resistivi^  of  the  natural 
diamond.  An  activation  energy  of  1.4  eV  was  found  for  both  of  the  natural  diamonds  from 
the  slope  between  300  and  1200C.  The  diamond  films  appeared  to  have  different  conduction 
mechanisms  between  the  temperature  ranges  of  200  to  600C  and  600  to  1200C  with 
activation  energies  of  0.9  eV  and  1.8  eV  respectively.. 

It  is  clear  from  a  review  of  previous  studies  that  the  processing  techniques  of  the 
diamond  films  has  a  substantial  effect  on  the  electrical  quali^  of  the  sample.  As  the 
deposition  of  diamond  films  is  becoming  popular  among  many  researchers,  the  importance 
of  utilizing  well  established  sources  of  test  samples  is  emphasized. 

Measuring  the  electrical  resistivity  of  diamond  films  to  higher  temperatures  and  then 
back  down  to  room  temperature  will  also  provide  information  regarding  the  stability  of  the 
films  and  die  bonding  of  the  film  to  the  substrate.  There  is  also  evidence  that  post-growth 
heat  treatment  of  diamond  films  stabilizes  the  electrical  activity  of  the  hydrogen  within  the 
film  which  increases  the  bulk  electrical  resistivity  [3].  This  behavior  can  be  verified  by  the 
resistivity  measurements  during  thermal  cycling. 
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EXn:RlMENTAL 


An  apparatus  was  specifically  designed  and  built  with  the  ability  to  measure  very  high 
resistivity  insulators  up  to  a  temperature  of  1200C.  The  san^le  holder  and  oven  are  shown 
in  Figure  1.  The  holder  was  m^e  of  998  pure  alumina  and  all  of  the  wiring  feedthroughs 
and  connections  were  made  in  such  a  way  to  ensure  that  leakage  currents  bypassing  the 
sample  were  as  low  as  possible.  A  DC  two  probe  method  with  a  guard  ring  and  volume 
gua^  were  used  to  measure  the  bulk  electrical  resistivity  of  die  samples  perpendicular 
through  the  plane  of  the  samples.  A  long  niobium  center  probe  rested,  with  some  pressure, 
o"  a  small  iridium  disk  on  top  of  the  sample.  A  cylindrical  niobium  volume  guard  fit  around 
thi'’  center  probe  and  also  rested  on  the  top  of  die  sample.  A  large  area  iridium  electrode  was 
plac<.'4  underneath  the  sample  as  the  second  probe. 

The  conductivity  measurement  limits  of  the  apparatus  have  been  characterized  and 
the  results  presented  [2].  Below  900C,  a  slight  conductivities  of  1(T'*  to  10''^  ohm  'cm  '  were 
measured  using  a  hi^ly  resistive  sapphire  sample.  It  is  believed  that  lower  conductivities 
cannot  be  measured  with  this  apparatus  (i.e.  a  maximum  resistivity  of  10'*  to  10'^  ohm-cm). 

The  diamond  films  used  in  this  study  were  two  samples  from  Crystallume,  two 
samples  from  North  Carolina  State  University,  and  one  sample  from  a  joint  research  effort 
by  Wright  Laborstory  and  Universal  Energy  Systems  (UES).  A  natural  type  Ila  diamond 
was  also  evaluated.  One  diamond  film  from  Crystallume,  sample  CSW-M-6-NS,  was 
deposited  on  a  silicon  substrate  by  a  microwave  assisted  PECVD  method.  The  film  diickness 
was  calculated  by  Crystallume,  based  on  nominal  growth  rates,  to  be  6  microns.  The  other 
film  from  Crystallume,  sample  7-B-171  was  a  3  micron  diamond  film  deposited  on  a 
molybdenum  substrate  using  DC  plasma-enhanced  CVD  techniques.  The  molybdenum 
substrate  is  a  refractory  metal  material  that  will  likely  be  used  in  thermionic  or  thermoelectric 
energy  conversion  components.  The  DC  deposition  technique  would  also  likely  be  used  in 
fabricating  a  thermionic  diamond  sheath  insulator.  Both  of  these  samples  were  heat  treated 
after  growth  at  Crystallume’s  facility. 

Both  samples  from  North  Carolina  State  University  were  grown  in  an  Astex 
cylindricaliy  coupled  stainless  steel  microwave  plasma  CVD  reactor.  The  first  film,  sample 
^13-B2,  was  grown  immersed  and  die  second  sample,  BS3-A,  was  grown  down  stream 
from  the  plasma.  Both  films  were  grown  on  undoped  silicon  (100)  substrates  with  a 
mediane-to-hydrogen  ratio  of  1%.  Neither  film  received  any  post  deposition  treatment. 
Samples  BSi3-B2  and  BS3-A  were  ^proximately  9  microns  and  S.S  microns  thick 
respectively,  as  determined  from  cross-sectional  SEM. 

The  UES/  Wright  Laboratory  sample  was  a  5  micron  thick  film  deposited  on  a  silicon 
substrate  using  a  microwave  assist^  PECVD  technique.  The  deposition  process  was  still 
being  optimized  for  high  resistivity  films  at  the  time  diat  this  sample  was  submitted.  This 
sample  was,  therefore,  considered  to  represent  a  slightly  less  than  state-of-die-art  quality 
insulating  diamond  film. 
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EXra:RIMENTAL  RESULTS  AND  DISCUSSION 


The  electrical  conductivity  measurements  of  the  two  diamond  film  samples  from 
Crystallume  compared  with  a  type  Ila  natural  diamond  are  shown  in  Figure  2.  The  room 
temperature  resistivities  of  bodi  samples  were  extremely  high,  with  the  diamond  film  on 
molybdenum,  sample  7-8-171,  approaching  natural  diamond  at  the  maximum  measurement 
limit  (just  below  10'*  ohm-cm).  At  a  temperature  of  lOOOK,  the  resistivities  of  both  films 
were  approximately  equal  at  5  x  10*  ohm-cm,  wfrile  the  natural  diamond  remained  slightly 
higher  at  10^  ohm-cm.  The  activation  energies,  determined  from  the  slope  between  A(yC  and 
SOO'C,  of  CSW-M-6-NC  and  7-B-171  were  0.6  eV  and  0.9  eV  respectively.  A  different 
conduction  mechanism  between  iOOC  and  800°C  was  most  likely  responsible  for  higher 
activation  energies  of  0.9  eV  and  1.1  eV  for  the  respective  films.  These  higher  values  can 
be  compared  to  the  natural  diamond  activation  energy  of  1.4  eV  in  that  temperature  rapge 
12]. 


The  electrical  conductivity  measurements  of  the  UES/  Wright  Laboratory  diamond 
film  are  shown  in  Figure  3.  The  sample  had  a  room  temperature  resistivity  of  approximately 
10*’  ohm-cm  but  the  resistivity  at  idoOK  was  slightly  higher  dian  that  of  natural  diamond. 
The  conduction  mechanisms  of  this  film  can  be  characterized  by  activation  energies  of  0.1 
eV  between  40*C  and  300^  and  0.8  eV  between  300°C  and  900^. 

The  electrical  conductivity  measurements  of  the  North  Carolina  State  University 
diamond  films  are  shown  in  Figure  4  and  S.  The  most  outstanding  features  of  these  two 
plots  are  the  initial  room  temperature  resistivity  measurements.  The  resistivi^  values  are 
several  orders  of  magnitude  less  than  the  eventual  room  temperature  resistivity  after  the  films 
had  undergone  at  least  one  temperature  cycle.  Since  these  films  were  not  heat  treated  after 
growth,  this  observation  agrees  with  earlier  results  [3],  where  it  was  theorized  that  electrical 
activity  of  hydrogen  in  the  film  is  responsible  for  the  excess  electrical  conduction  at  room 
temperature.  The  resistivities  at  lOOOK  for  both  films  were  between  10’  and  10^  ohm-cm. 
Both  films  displayed  activation  energies  of  0.8  eV  at  temperatures  above  300°C. 


SUMMARY 

The  electrical  conductivity  of  ftve  diamond  films  from  three  different  sources  were 
measured  from  room  temperature  to  1200^.  The  room  temperature  electrical  resistivities 
of  the  different  films  varied  by  several  orders  of  magnitude  depending  on  the  processing 
techniques  used  during  deposition.  One  of  the  Crystallume  samples  had  a  room  temperature 
resistivity  which'is  die  highest  measured  to  date,  but  still  below  the  actual'  value  for  natural 
diamond.  The  initial  room  temperature  resistivities  of  both  of  the  North  CarolLia  State 
University  diamond  films  were  very  low  due  to  the  absence  of  post-growth  heat  treatment 
in  the  processing  of  these  samples. 

The  electrical  conductivity  values  converged  at  higher  temperatures  and  there  was 
much  less  variation  between  films  at  a  temperature  of  lOOOK.  The  natural  diamond  and  all 
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of  the  diamond  films  had  measured  resistivities  between  10*  and  2  x  10*  ohm-cm  at  lOOOK. 
This  is  of  much  interest  since  a  diamond  film  would  most  likely  be  maintained  near  this 
temperature  in  a  space  nuclear  power  component  application.  Systems  studies  must  be 
completed  to  realize  if  these  electrical  properties  at  lOOOK  are  adequate  for  each  thermionic 
or  thermoelectric  application. 

The  activation  energies  of  the  five  diamond  films  ranged  from  0.1  eV  to  1.1  eV 
compared  to  1.4  eV  for  the  natural  diamond.  This  range  of  activation  energies  shows  how 
different  processing  techniques  can  lead  to  a  variation  in  impurity  characteristics  and 
conduction  properties.  It  is  suggested  that  vacancy  loops  or  acceptor/donor  impurities  at  the 
grain  boundaries  of  the  diamond  films  aro  responsible  for  die  various  conduction  mechanisms 
and  resulting  activation  energies.  Consider^ly  more  work  needs  to  be  done  to  get  a  better 
understanding  of  the  fundamentals  of  the  conduction  mechanisms. 


Research  supported  by  SDIO/IST  &  managed  by  Wright  Laboratory 
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Figure  1.  High  Temperature  Insulator 
Electrical  Resistivity  Station 
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Electrical  Conductivity  of  Crystallume  Films 
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Figure  3.  Electrical  Conductivity  of 
UES/  Wright  Laboratory  Film 
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Figure  4.  Electrical  Conductivity  of  NCSU  Filins  #BS13-B2 
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Figure  5.  Electrical  Conductivity  of  NCSU  Film  #BS3-A 
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ABSTRACT. 

The  electrical  resistivity  of  diamond  films  can  vary 
from  sample  to  sample  by  as  much  as  six  to  seven  orders 
of  magnitude  at  room  temperature.  Sources  for  these 
variations  Include  differences  in  impurities  and 
structural  defects,  and  the  amount  of  graphitic  component 
in  the  films.  Proton  recoil  measurements  have  shown 
hydrogen  to  be  the  greatest  impurity  present  in 
quantities  of  0.5%  to  1.0%  throughout  the  diamond  film 
thickness.  These  measurements  are  complemented  by 
electrical  resistivity  measurements  from  room  temperature 
to  1200  C,  Raman  spectroscopy.  Auger  analysis  and  SEM. 
It  was  determined  that  hydrogen  can  be  removed  from  the 
surface  of  the  CVD  diamond  film  through  heat-treatment, 
but  that  bulk  hydrogen  concentrations  and  the  bulk 
electrical  resistivity  are  essentially  not  affecteci. 


INTRODUCTION. 

While  the  electrical  resistivity  of  naturally  occurring 
diamond  has  been  measured  to  be  on  the  order  of  lo"  ohm  centimeters 
at  room  temperature',  and  undoped,  defect-free  diamond  would  have 
a  room-temperature  electrical  resistivity  many,  many  orders  of 
magnitude  higher,  the  electrical  resistivity  of  diamond  thin  films 
produced  by  chemical  vapor  deposition  (CVD)  is  typically  lower  than 
that  of  naturally-occurring  diamond’.  The  impurities  in  diamond 
films  grown  from  the  plasma-enhanced  chemical  vapor  deposition 
technique  vary  from  sample  to  sample  as  a  function  of  the 
deposition  parameters,  but  hydrogen  is  commonly  a  major  impurity  in 
films  grown  by  this  method.  It  is  speculated  that  deep  traps 
within  the  diamond  may  be  passivated  by  hydrogen,  both  in  CVD 
diamond  films,  and  in  natural  diamond  crystals.  It  has  previously 
been  reported  that  heat  treatment  of  CVD  diamond  films  can  result 
in  removal  of  hydrogen  from  the  film,  with  consequent  Improvement 
in  the  electrical  resistivity  to  values  comparable  to  natural 
diamond.’  in  the  current  study,  the  hydrogen  concentration  has 
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been  measured  In  CVD  diamond  films  both  before  and  after  cyclic 
measurement  of  the  temperature  dependent  electrical  resistivity  of 
the  diamond  film  to  a  temperature  of  1200  C,  to  seek  correlation 
between  the  electrical  resistivity  and  the  hydrogen  content  of  the 
film.  Relatively  little  change  was  observed  in  both  the  electrical 
resistivity  of  the  films  from  first  to  second  cycle,  as  well  as 
little  difference  in  the  bulk  hydrogen  content  of  the  film,  even 
after  heat  treatment  to  1200  C. 


EXPERZHBMThL. 

Diamond  films  were  produced  on  molybdenum  and  silicon 
substrates  using  plasma  enhanced  chemical  vapor  deposition  in  an 
Astex  tube  reactor.  Methane  concentrations  ranged  between  0.5%  and 
2.0%,  with  the  remaining  gas  being  hydrogen.  The  pressure  was 
maintained  at  28  torr,  with  a  flow  rate  of  100  seem.  The  substrate 
was  heated  by  microwave  induction  and  plasma  heating,  with 
microwave  power  set  at  approximately  250  watts.  The  temperature  of 
the  substrate  was  approximately  925  C  as  determined  by  optical 
pyrometry,  with  no  corrections  applied  for  the  quartz  window  or  for 
emisslvlty  changes.  Diamond  films  were  analyzed  using  Raman  and 
Auger  spectroscopy,  Rutherford  Backscattering  (RBS) ,  Proton  Recoil 
Detection  (FRD) ,  and  SEM  both  before  and  after  electrical 
resistivity  measurements  were  made  over  the  temperature  range  from 
room  temperature  to  1200  C. 

The  electrical  resistivity  of  the  films  was  measured  through 
the  plane  of  the  diamond  films  using  a  DC  two  probe  method  with  a 
guard  ring  and  volume  guard*.  To  verify  the  accuracy  of  the 
measurement  apparatus,  the  resistivity  of  a  single  crystal  sapphire 
sample  was  made  and  was  found  to  compare  well  to  accepted  values. 
The  heating  of  the  films  during  the  resistivity  measurement  was 
expected  to  alter  the  hydrogen  content,  and  possibly  other 
properties  of  the  diamond  films. 

Concentrations  of  hydrogen  and  other  impurities  were  measured 
by  proton  recoil  detection  (PRO)  and  Rutherford  Backscattering 
(RBS) .  In  both  techniques  a  mono-energetic  helium  ion  beam  of 
between  typically  2  to  3  HeV  is  incident  on  the  target  to  be 
examined.  In  RBS,  the  beam  is  backscattered  through  an  angle 
greater  than  90*.  In  this  work  the  angle  was  168°.  With  this 
scattering  angle  and  using  a  3.05  MeV  helium  beam  it  is  possible  to 
enhance  the  scattering  of  oxygen  through  an  enhanced  resonant 
scattering  process’.  Using  conventional  RBS  it  is  possible  to 
easily  detect  the  presence  of  impurities  heavier  than  the  substrate 
atoms.  The  detection  limits  for  impurities  heavier  than  carbon 
varies  from  0.1  at%  to  0.001  at%,  in  proportion  to  the  square  of 
their  atomic  number’. 

In  PRD,  the  number  of  forward  scattered  protons  is  measured  as 
a  function  of  their  energy.  For  this  measurement,  either  the 
target  must  be  thin  (<25Mm)  or  placed  at  a  glancing  angle  to  the 
beam’.  In  this  work  the  target  was  placed  with  the  incident  helium 
beam  at  75*  to  the  target's  surface  normal  and  the  detector  was 
placed  at  an  angle  of  30*  to  the  incident  beam  to  detect  the  forward 
recoiled  protons  from  the  target.  To  aid  normalization  of  the 
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data,  an  RBS  spectruat  was  taken  simultaneously  during  the 
acquisition  of  the  PRO  data.  The  cross-section  for  proton  recoils 
by  HeV  ions  has  been  measured  by  Ingram  et  al*  and  is  sufficiently 
high  for  the  hydrogen  content  of  polymers  to  be  measured  without 
significant  radiation  damage,  unlike  the  heavy  ion  techniques  for 
measuring  hydrogen.  Also,  with  PRO  a  complete  profile  can  be 
measured  simultaneously,  whereas,  with  the  heavy  ion  techniques 
(which  are  very  strongly  resonant  nuclear  reactions)  each  data 
point  in  the  concentration  profile  requires  a  different  energy  for 
the  incident  ion  beam  and  therefore  the  time  required  to  acquire 
data  is  much  longer  and  the  radiation  damage  produced  in  the  sample 
la  much  larger.  A  disadvantage  of  PRO  is  the  relatively  poor  depth 
resolution  of  about  100  nm. 


RESULTS. 

Electrical  resistivity  measurements  of  the  diamond  films,  as 
shown  in  figure  1,  showed  a  resistivity  of  approximately  lo'*  ohm-cm 
at  room  temperature.,  compared  to  the  resistivity  of  natural 
diamond  of  typically  10“  ohm-cm.  At  elevated  temperatures  (800- 
1200  C) ,  the  resistivity  of  the  diamond  films  was  found  to  exceed 
the  resistivity  of  natural  diamond  by  approximately  one  order  of 
magnitude.  This  difference,  and  the  difference  in  slope  of  the 
resistivities  of  the  films  compared  to  natural  diamond  is 
indicative  of  a  difference  in  type  and  number  of  defects  and 
impurities  which  can  account  for  conductivity  in  diamond.  Thermal 
cycling  of  the  films  to  1475  K  showed  no  permrnent  changes  in  the 
resistivity  of  the  diamond  films. 

In  figure  2,  Raman  spectra  for  pre-  and  post-resistivity 
measurements  (thus  pre-  and  post-heat-treated)  show  a  prominent 
line  in  proximity  to  the  1332  cm'‘  diamond  line,  in  comparison  to 
the  spectral  features  in  the  vicinity  of  1500  cm''  in  both  spectra. 
This  spectral  line  is  a  reliable  indicator  of  large  crystals  with 
predominantly  sp’  bonding  within  the  film  both  before  and  after  the 
resistivity  measurement.  The  shift  in  the  position  of  the  diamond 
line  around  1332  cm'  is  attributed  to  the  degree  of  residual  stress 
in  the  diamond  film  for  pre-  and  post  heat-treatment.  The  spectral 
icdture  in  the  vicinity  of  1500  cm''  is  attributed  to  a  disordered 
carbon  band.  The  ratio  of  this  peak  to  the  diamond  peak  is  reduced 
following  heat-treatment.  The  interpretation  of  this  phenomenon  is 
Incomplete,  but  taken  as  evidence  that  the  bulk  diamond  properties 
are  not  degraded  by  heat-treatment. 

In  contrast,  figure  3  indicates  essentially  the  opposite 
effect  in  the  surface  of  the  diamond  films  following  heat 
treatment.  The  differences  in  shape  of  the  Auger  spectra  for 
unheated  and  heated  diamond  films  observed  may  result  from  the  pre- 
heat-treated  diamond  films  being  hydrogen  terminated,  while  the 
post-heat-treated  films  are  graphite  terminated.  Williams  and 
Glass^  report  a  similar  change  in  the  shape  of  the  Auger  spectrum 
following  argon  sputtering,  which  may  also  remove  hydrogen  from  the 
film  surface.  In  the  Auger  spectrum  of  natural  diamond*,  the 
intensity  of  the  fine  structure  peak  closest  to  the  primary  c  XLL 
peak  is  larger  than  the  peak  appearing  at  slightly  lower  energy, 
while  for  the  case  of  graphite,  the  relatl'/e  intensities  of  these 


481 


two  faatureo  la  reversod.  Those  features  correspond  well  to  the 
Auger  spectra  of  as-grown  and  heat-treated  diamond  films  studied 
here,  supporting  the  assumption  that  hydrogen  is  removed  from  the 
film  surface  through  the  heating  of  the  film. 

Figure  4  shows  the  RBS  spectra  taken  from  a  sample  of  diamond 
film  on  a  molybdenum  surface.  The  spectra  were  taken  before  and 
after  heat-treatment  to  1200  C.  In  the  as-deposited  sample  there 
appears  to  be  about  0.1  at%  oxygen  in  the  bulk  of  the  material. 
This  is  not  present  in  the  annealed  spectrum.  The  PRO  spectra  in 
figure  5  were  taken  simultaneously  with  the  spectra  in  figure  4. 
These  spectra  demonstrate  how  stable  hydrogen  is  in  the  bulk  of  the 
diamond  film.  A  constant  level  of  O.S  at%  extending  into  the  bulk 
of  the  material  was  detected  before  and  after  the  1200  C  heat- 
treatment.  Although  the  depth  resolution  of  PRO  is  about  lOO  nm 
for  the  system  used,  hydrogen  near  the  surface  was  clearly  removed 
by  heat-treatment. 


COKCIiniXOMi. 

Elemental  analysis  of  diamond  films  was  obtained  using  RBS  and 
PRO.  The  elemental  compositions  were  predominantly  carbon  (greater 
than  98  att) ,  with  oxygen  detected  by  RBS  to  be  0.1  %,  extending 
uniformly  through  the  bulk  for  unheat-treated  samples.  One  sample 
was  determined  to  have  0.5  at%  within  100  nm  of  the  surface  of  the 
film,  oxygen  may  be 'present  as  HjO  or  OH  groups  at  the  surface  of 
the  film. 

From  PRO  analysis  it  was  determined  that  hydrogen  is  the 
principal  impurity  in  the  films,  with  up  to  1.8  att  hydrogen  near 
the  surface  of  some  films  (first  100  nm),  but  falling  to 
approximately  half  of  that  value  in  the  bulk  of  the  films. 

Following  the  electrical  resistivity  measurements,  RBS  and  PRO 
Indicated  that  the  elemental  composition  of  the  samples  was  still 
predominantly  carbon  (greater  than  98  att) .  A  small  amount  of 
oxygen  (less  than  3  x  10'’  0/cm’)  was  detected  near  the  surface,  and 
no  oxygen  was  detectable  in  the  bulk  of  the  film.  PRO  analysis 
indicated  a  drop  in  the  hydrogen  content  at  or  near  the  surface  of 
the  film  (100  nm) ,  but  no  change  in  the  hydrogen  concentration  was 
observed  deeper  into  the  diamond  film. 

Previous  published  results  indicate  that  hydrogen  may  be 
removed  by  heat-trpatment  to  780  C*.  The  current  effort,  to 
correlate  the  change  in  resistivity  as  hydrogen  concentration  is 
altered,  has  not  succeeded  in  documenting  this  relationship  owing 
to  the  stability  of  the  bulk  hydrogen  concentration.  Hydrogen  at 
or  near  the  surface  of  the  film  can  be  removed  through  heat- 
treatment,  but  bulk  concentrations  are  unaffected  by  heating  to 
1200  C. 

Removal  of  hydrogen  from  the  surface  of  the  film  was 
determined  Trom  Proton  Recoil  Detection.  This  result  was  also 
supported  by  Auger  analysis  and  Raman  analysis,  which  indicate  a 
graphitic  termination  of  the  carbon  on  the  film  surface  following 
heat-treatment,  concurrent  with  no  substantive  change  in  the 


482 


diamond  peak  at  1332  cm*'.  The  presence  of  oxygen  at  the  surface  of 
the  film  may  also  Indicate  absorption  of  water  or  OH  groups  on  the 
surface  of  the  diamond.  The  stability  of  the  bulk  hydrogen 
concentration  was  an  unexpected  result  based  on  results  reported 
previously  for  both  natural  diamond  and  for  CVD  diamond  films. 
This  finding  and  the  unusual  shape  of  the  resistivity  of  these 
diamond  films,  particularly  the  higher  values  of  resistivity  at 
elevated  temperatures  when  compared  to  the  resistivity  of  natural 
diamond,  Indicate  possible  fundamental  differences  in  the  quality 
of  the  diamond  films  produced  in  this  study  with  respect  to  diamond 
films  studied  previously,  and  shows  that  CVD  diamond  films  can  be 
produced  with  resistivities  which  exceed  the  resistivity  of  natural 
diamond  at  elevated  temperature. 
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Figure  l.  Electrical  conductivity  of  CVD  diamond  films  compared  to 
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CHANGE  OF  RESISTANCE  OF  DIAMOND  SURFACE  BY  REACTION  WITH 
HYDROGEN  AND  OXYGEN 


Hk'aaki  Nakahata,  Takahiro  Imai,  and  Naoji  Fujimori 

Sumitomo  Electric  Industries,  Ltd.,  Kami  Research  Lab.,  1-1, 1-chome  Koyakita 
Itaml-city,  Hyogo,  664,  Japan 


ABSTRACT 

It  was  found  that  a  conductive  layer  exists  on  the  surface  of  a 
Cv'D  diamond  film  as  deposited.  This  is  related  to  hydrogen  which 
was  absorbed  on  the  diamond  surface.  By  reaction  with  oxygen 
this  conductivity  is  can^'eled  and  the  resistance  of  the  film 
increases  to  Its  original  value. 


INTRODUCTION 

Diamond  has  a  wide  band  gap  of  5.5  eV  and  is  an  insulator.  But  recently,  it 
was  found  that  the  resistance  of  diamond  films  prepared  by  the  microwave 
plasma  CVD  method  was  much  lower  than  expected  and  could  be  increased  by 
some  treatments.  1)2)3)  it  was  reported  by  Ravi  that  treatment  of  polycrystalline 
diamond  film  in  hydrogen  plasma  made  its  resistance  decrease  and  this 
decreased  resistance  could  be  increased  by  heating.  He  referred  to  some 
electrically  active  level  made  by  hydrogen  in  the  diamond  film  that  seemed  to 
affect  the  resistivity.  Gildenblat  rr>ported  that  resistance  of  an  as-deposited 
epitaxial  diamond  film  increased  by  treatment  with  Cr03+H2S04,  and  referred 
to  the  presence  of  a  non-diamond  structure  on  the  surface  of  the  diamond  film 
that  was  responsible  for  the  conductivity.  However,  a  clear  explanation  of  the 
mechanism  of  these  phenomena  has  not  yet  been  made.  To  better  understand 
the  phenomena,  studies  of  an  epitaxial  film  are  required.  In  this  study,  various 
polycrystalllne  diamond  films,  and  the  role  of  oxygen  and  hydrogen  was 
investigated. 


EXPERIMENTAL 

Epitaxial  diamond  films  were  prepared  by  the  microwave  plasma  CVD 
method.  The  substrates  used  were  single-crystal  diamonds  of  high-pressure 
synthesized  lb  and  Ha,  1 .5x2.0x0.3  mm  in  size,  and  natural  la  crystal  about 
2  mm  in  size.  All  the  substrates  were  insulating,  with  resistivity  of  mors  than 
1014  n-cm.  CH4  and  H2were  used  as  reactant  gases.  The  ratio  of  CH4/H2 
was  1/200.  The  power  of  the  microwave  at  2.45  GHz  was  400  W  and  the 
reaction  pressure  was  40  Torr.  The  thickness  of  the  films  deposited  was  from 
0.4  to  5.0  pm. 
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A  pair  of  electrodes  of  (Au/MoH'l)  was  formed  by  e-beam  evaporation  on  the 
films,  as  shown  In  Fig.  1 .  Six  different  treatments  were  carried  out  ^s  follows 
upon  the  diamond  films;  their  resistance  was  measured,  as  shown  In  Fig.  2, 
before  and  after  the  treatments. 

(1 )  Heated  in  air  at  temperatures  from  200°C  to  SCO^C. 

(2)  Heated  in  oxygen  gas  under  a  pressure  of  1  Torr  at  500°C  for  1  hour. 

(3)  Heated  in  argon  gas  under  a  pressure  of  0.07  Torr  at  500°C  for  1  hour. 

(4)  Treated  in  RF  plasma  of  oxygen  under  a  pressure  of  0.05  Torr  with  RF 
power  of  30  W  at  room  temperature  for  2  minutes.  In  this  treatment,  an 
epitaxial  diamond  film  deposited  on  boron-doped  single-crystal  lb  diamond 
substrate  was  also  included  and  its  resistance  was  measured  as  shown  in 
Rg.  3.  The  substrate  had  enough  conductivity  for  the  measurement. 

(5)  Treated  in  microwave  hydrogen  plasma  under  a  pressure  of  40  Torr  with 
microwave  power  of  400  W  for  2  minutes. 

(6)  Heated  in  hydrogen  gas  at  500°C  for  1  hour. 

Polycrystalline  diamond  films  from  3  to  7  mm  in  thickness  were  also 
deposited  on  silicon  substrate  of  14x14x1.5  mm  under  the  same  condition  and 
on  which  an  (Au/Mo/Ti)  electrode  was  evaporated.  Resistance  of  the  films  was 
measured  as  shown  in  Fig.  4  before  and  after  some  of  the  above  treatments. 


RESULTS  AND  DISCUSSION 

All  of  the  as-deposited  epitaxial  diamond  films  exhibited  resistances  from 
10^  to  10^  n.  However,  by  heat  treatment  in  air,  the  resistance  of  the  films 
increased  by  several  orders.  Fig.  5  is  die  l-V  characteristics  of  the  sample  as- 
deposited  and  after  heating  in  air  at  500”C.  Table  1  shows  the  changes  in 
resistance  by  heating  in  air  at  various  temperatures  for  six  hours.  The  higher 
the  heating  temperature,  the  larger  the  increase  in  resistance,  and  above 
400°C  saturation  of  the  increase  was  observed  at  the  value  of  1 0'!  3  n  by  only  a 
few  minutes  treatment,  it  was  confirmed  that  this  increase  in  resistance  had  no 
relation  to  electrode  changing,  for  the  Increase  was  also  observed  by  forming 
electrodes  after  the  heat  treatment.  In  all  the  experiments  in  this  study,  no 
change  of  the  electrode  was  observed  after  any  treatment. 

Table  2  shows  the  results  for  epitaxial  diamond  films  of  different  film 
thicknesses  deposited  on  various  kinds  of  single-crystal  diamond  substrates 
and  their  different  planes.  After  heating  in  air  at  500'’C,  all  the  samples  showed 
much  the  same  change,  with  their  resistances  increased  to  10l3  from  the 
IqS  w  as-deposited  value.  No  difference  was  observed  between  samples  of 
different  substrates  and  different  film  thicknesses.  As  for  polycrystalline 
diamond  films,  the  same  change  of  resistance  was  observed,  it  was  10^  £2  as- 
deposited,  and  10^0  after  heating  in  air  at  500°C. 


488 


By  heat  treatment  in  oxygen  gas,  the  resistance  of  an  epitaxial  diamond  film 

2  pm  in  thickness  on  a  lb(110)  substrate  was  also  increased  from  10^  to  10'I3 
n  even  under  an  oxygen  pressure  of  1  Torr.  On  the  other  hand,  no  change  was 
observed  from  heat  treatment  in  argon  gas  at  SOO^C.  From  these  data,  it  is 
concluded  that  reaction  with  oxygen  Is  responsible  for  the  increase  In 
resistance,  and  treating  at  high  temperatures  is  not  an  essential  factor  of  the 
increase  in  resistance. 

To  confirm  the  effect  of  oxygen,  treatment  with  RF  plasma  of  oxygen  was 
carried  out.  By  this  treatment  the  resistance  of  an  epitaxial  diamond  film  1  pm  in 
thickness  on  a  Ib(IOO)  substrate  was  also  increased  from  lO^  a  to  1013  in  only 

3  minutes.  Surface  temperature  of  the  samples  is  thought  to  have  remained 
below  lOO^C.  Fig.  6  Is  the  relation  between  the  time  of  the  treatment  with 
oxygen  plasma  and  the  resistance  after  the  treatment.  It  was  found  that  the 
incraase  of  the  resistance  saturates  in  a  few  minutes. 

After  this  oxygen  treatment  the  electrodes  were  removed  by  HCI+HNOs  aq 
and  HF  aq,  and  the  resistance  of  the  diamond  surface  was  measured  by  a  pair 
of  probes.  It  was  found  that  the  resistance  of  the  area  of  the  surface  where  an 
electrode  had  been  evaporated  and  which  had  been  isolated  from  the  oxygen 
plasma  was  still  as  low  as  10^  Q,  while  the  area  which  had  not  been  covered 
and  was  subjected  to  oxygen  plasma  was  more  than  1013  n.  These  results  are 
schematically  shown  in  Fig.  7.  These  results  suggest  that  the  increase  of  the 
resistance  is  caused  by  a  reaction  of  oxygen  with  the  surface  of  as-deposited 
diamond. 

From  the  following  experiments  we  determined  whether  only  the  surface  of 
the  as-deposited  diamond  film  or  the  entire  as-deposited  film  is  conductive.  The 
resistance  of  an  as-deposited  epitaxial  diamond  film  1 .5  pm  in  thickness  on  a 
Ib(IOO)  substrate  measured  as  shown  in  Fig.  3  was  10^  £2,  and  after  treatment 
by  oxygen  plasma  for  2  minutes  the  resistance  increased  by  3  orders  and 
showed  non-ohmic  characteristics  (Rg.  8).  From  these  data  it  can  be  concluded 
that  the  conductivity  of  the  as-deposited  film  had  existed  only  on  the  surface  of 
the  film,  and  not  in  the  entire  film.  If  the  entire  film  were  conductive  the 
resistance  measured  through  the  film  as  shown  in  Fig.  3  would  be  the  same  as 
that  of  the  as-deposited  film.  The  characteristics  of  Fig.  8(a)  are  considered  to 
be  due  to  surface  conductivity  not  presenting  the  characteristic  of  the  entire  film; 
Fig.  8(b)  shows  the  mean  l-V  characteristics  of  the  epitaxial  diamond  film 
measured  throug  the  film.  Similar  results  were  obtained  from  a  polycrystalline 
diamond  film. 

The  treatments  in  hydrogen  plasma  and  hydrogen  gas  were  carried  out  on 
the  epitaxial  diamond  films  whose  resistance  had  increased  by  heating  in  air  or 
treating  with  oxygen  plasma.  When  treated  In  hydrogen  plasma  the  resistance 
decreased  to  lO^  £2  which  was  the  same  value  as  the  as-deposited  film.  This 
result  was  the  same  as  that  which  Ravi  et.al.  reported.  On  the  other  hand,  no 
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change  was  observed  from  treatment  In  hydrogen  gas  at  500°C.  We  can  clearly 
recognize  that  active  hydrogen  such  as  atomic  hydrogen  makes  the  resistance 
decrease.  And  as  mentioned  previously,  this  conductivity  caused  by  hydrogen 
is  considered  to  exist  only  on  the  surface  or  near  the  surface  layer  of  the 
diamond  film. 

By  surface  analysis  of  epitaxial  diamond  films  by  RHEED  and  STM  it  was 
confirmed  that  the  surface  consists  of  crystalline  diamond.  No  report  of  the 
existence  of  amorphous  or  graphite  phases  on  the  surface  has  been  made. 
The  authors  consider  that  hydrogen  is  absorbed  on  the  surface  of  diamond  films 
just  after  the  deposition.  STM  observation  indicates  that  the  surface  structure  of 
the  diamond  film  is  quite  similar  to  that  of  silicon  which  Is  considered  to  be 
determined  with  hydrogen.^)  After  the  reaction  with  oxygen,  there  will  be 
oxygen  on  the  surface.  Nishibayashi  et.  al.  reported  on  the  existence  of  oxygen 
analyzed  by  XPS  on  the  surface  of  epitaxial  diamond  films  heated  in  air. 

As  for  the  mechanism  of  conductivity,  the  authors  consider  that  some 
electrically  active  state  Is  produced  by  hydrogen  that  may  exist  on  or  near  the 
surface  whose  contribution  is  still  not  clear  but  at  least  does  not  affect  the  entire 
film,  and  is  the  cause  of  the  conductivity.  This  hydrogen  can  be  easily  removed 
by  reaction  with  oxygen  on  the  surface,  reducing  the  conductivity.  A  clearer 
explanation  cannot  be  made  now,  and  more  surface  analysis  will  be  required 
for  further  study. 


CONCLUSION 

The  change  of  resistance  of  CVD  diamond  films  by  various  treatments  was 
studied.  Both  epitaxial  and  polycrystalline  diamond  films  as  deposited  had 
quite  low  resistance.  This  low  resistance  is  considered  to  be  due  to  a  surface 
conductive  layer  which  was  caused  by  hydrogen  that  had  reacted  with  the 
diamond  surface.  And  it  was  made  clear  that  this  effect  of  the  conductivity  is 
canceled  by  reaction  with  oxygen,  by  which  the  resistance  Increases  to  its 
original  value. 
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Billerica,  Maaaachuaetta  01821 

ABSTRACT 

Both  diamond  (100)  and  graphite  (baaal  plane)  aurfacea  have 
been  halogenated  ualng  atomic  beama  of  fluorine  and  chlorine. 

XFS  analyaea  of  the  reaulting  adlayera  Indicate  that  fluorine 
atoma  chemically  bond  to  both  diamond  and  graphite;  aatura- 
tion  coveragea  at  room  temperature  are  -3/4  and  1/4  of  a 
monolayer  for  diamond  and  graphite  reapectlvely.  The 
diamond-fluoride  adlayer  la  atable  up  to  -700  K;  the 
graphite-fluorine  adlayer,  ionic  in  nature,  beccmea  unatable 
at  -550  K.  Chlorine  atoma  weakly  adaorb  on  both  aurfacea; 
aaturatlon  coverage  rapidly  decreaaea  aa  temperature 
increaaea  a'  ve  an  initial  200  K.  Molecular  halogen  apeciea 
are  virtually  unreactlve  under  theae  low  flux  conditiona. 

INTRODUCTION 

The  atudy  of  halogen  atom  interactiona  with  diamond  aurfacea  have 
become  increaaingly  relevant  aa  new  thin  film  depoaltion  achemes  have 
been  developed  (1).  The  impetua  for  uaing  halogen-baaed  ayatema  for 
diamond  growth  Involvea  their  thermodynamic  and  kinetic  Inatability 
compared  to  that  of  aimple  hydrogen-hydrocarbon  baaed  ayatema.  The 
flrat  report  of  a  hslogen-baaed  ayatem  came  from  a  group  at  Reaearch 
Triangle  Inatitute  which  uaed  a  thermal  proceaa  involving  CF4  and  F2 
(with  aome  hydrogen  impurity) (2);  thia  group  haa  recently  extended 
thia  work  by  developing  a  plaama-baaed  ayatem  involving  CF4  and  H2  (3). 
Another  group,  at  Rice  Univeralty,  haa  reported  growing  diamond  fllma 
by  a  thermal  proceaa  uaing  a  variety  of  halocarbon  apeciea  including 
methyl  iodide  and  bromoform  (4).  The  efficacy  of  theae  ayatema 
(eapeclally  the  plaama-baaed  ayatem)  liea  in  the  preaence  of  free 
halogen  atoma  and  the  nature  and  atability  of  their  chemical  bonding 
to  diamond  aurfacea. 

We  have  atudied  the  interaction  of  both  chlorine  and  fluorine 
atoma  with  the  diamond  (100)  aurface  in  an  ultrahigh  vacuum 
environment  ualng  atomic  beama.  X-ray  photoelectron  apectroarapy 
(XFS)  and  low  energy  electron  diffraction  (LEED)  have  been  Uied  to 
determine  the  nature  of  the  chemical  bonding  between  thea*  atoma  and 
the  diamond  aurface.  The  atudlea  will,  when  cooiplete,  provide 
information  aa  to  the  atability  of  halogenatoma  on  diamond  aurfacea, 

t  Permanent  Addreaa:  Department  of  Chemical  Engineering,  Weat 
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Khether  they  etch  dlaaoiul  at  high  teapecatures,  and  whether  they  can 
play  a  cole  In  an  atonic  layer  epitaxy  scheme. 

In  addition,  we  alao  present  preliminary  data  on  halogen  atom 
interactions  with  the  basal  plane  of  graphite.  There  is  already  a 
rich  literature  on  the  properties  of  both  covalent  and  ionic  forms  of 
graphite  fluoride,  the  only  known  stable  halogen-graphite  compound  (5). 
Sato  has  noted  that  the  covalent  form  of  graphite  fluoride  involves 
the  conversion  of  planar  ap^-bonded  graphite  to  a  2-dimensional  zigzag 
structure  with  sp^  bonding  (6).  Re  states  that  this  suggests  that 
graphite  structures  may  be  transformed  to  diamond  structures  through 
bond  formation  with  other  elements. 

EXPERIMENTAL 

The  experimental  apparatus  used  in  these  studies  coaqarises  a 
turbomolecular  pumped,  -liquid  nitrogen  trapped  ultcahigh  vacuum  cell 
(ultimate  vacuum  -  3  x  10“^^  Torr)  interfaced  to  an  ion/subllmatlon 
pumped  analysis  chsmber.  The  diagnostics  available  in  the  analysis 
chamber  are  x-ray  photoelectron  spectroscopy  and  low  energy  electron 
diffraction.  The  aasqile  is  transferred  between  chambers  using  a 
linear  motion  feedthrough  with  sample  heating  (1225  K)  and  cooling 
(120  K)  capabilities. 

The  S  X  5  nm^  (O.SO  mm  thick)  type  2A  diamond  substrate,  provided 
by  Dubbeldee  Harris,  is  highly  polished  with  diamond  grit  and  has  a 
specified  surface  roughness  of  less  than  400  A;  x-ray  diffraction 
results  confirmed  the  orientation  of  the  (100)  crystal.  Annealing  the 
diamond  at  1225  X  in  vacuo  removed  all  traces  of  oxygen  and 
contaminants  within  the  0.5X  of  a  monolayer  sensitivity  of  the  XFS 
diagnostic.  Ion  etching  was  not  used  as  this  produced  graphitization 
of  the  diamond  surface.  Simple  (1x1)  LEED  patterns  were  observed  at 
beam  energies  as  low  as  45  eV;  sample  charging  precluded  observations 
at  lower  beam  energies. 
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The  graphite  sample  was  a  piece  of  highly  oriented  pyrolytic 
graphite  (H0P6)  (7)  that  was  cleaved  in  air  using  the  "scotch  tape" 
technique.  The  sample  was  cleaned  by  heating  it  in  vacuo  to  700  K.  A 
basically  hexagonal  LEED  pattern  was  observed,  although  the  presence 
of  multiple  domains  complicated  any  interpretation  of  patterns.  It 
should  be  noted  that  H0P6  is  not  single  crystal  graphite  and  the  data 
obtained  in  this  study  may  be  complicated  by  the  lack  of  long  range 
order. 

The  fluorine  atom  source  has  been  described  in  detail  elsewhere 
(8)  Briefly,  it  consists  of  a  miniature  fast  flow  tube  whose  output 
is  sampled  by  a  small  aperture  (40  pm),  which  produces  an  atomic  or 
molecular  beam.  A  5X  fluorine  in  argon  gas  mixture  (2  Torr)  flows 
(500  seem)  through  an  alumina  tube  which  is  surrounded  by  an 
Evensou-type  microwave  discharge  cavity,  past  the  aperture,  and 
exhausts  through  a  co-annular  passage.  Operating  the  discharge  at 
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70  W  power  produces  nearly  lOOX  dissociation  of  the  fluorine.  The 
alumina  flow  tube  is  readily  passivated  and  no  recombination  of 
F  atoms  in  the  gas  or  on  the  walls  is  seen  when  the  beam  is  sampled  by 
a  mass  spectrometer.  Production  of  atomic  chlorine  requires 
replacement  of  the  alumina  tube  with  a  halocarbon  wax  coated  quartz 
tube.  In  addition,  a  skimmer  with  a  90  iim  aperture  is  used  to  sample 
the  flowstream.  Dissociation  efficiencies  of  60-70X  are  reached. 

The  XPS  analyses  were  performed  using  a  PHI  15  keV,  Hg  Kq  x-ray 
source  and  a  PHI  15-255  GAR  double  pass  cylindrical  mirror  electron 
energy  analyzer  operated  at  a  pass  energy  of  25  eV.  The  analyzer  was 
calibrated  using  the  Au  4f7/2  *3. A  eV  and  is  accurate  to 

±0.2  eV.  Due  to  the  Insulating  properties  of  the  diamond  saBq>le, 
significant  charging  effects  were  observed.  For  this  reason,  diamond 
spectra  presented  here  are  referenced  to  the  C  Is  peak  (285.0  eV)  of 
bulk  diamond.  This  peak  has  a  full  width  at  half  maximum  (FHHM)  of 
1.4  eV  and  its  assignment  is  never  ambiguous.  All  spectra  involving 
the  graphite  studies  are  referenced  to  the  C  Is  peak  at  284.6  eV;  no 
charging  effects  were  observed. 


RESULTS 

Figure  1  presents  a  C  Is  spectrum  of  an  an  annealed  diamond 
sample,  and  samples  which  have  been  exposed  to  saturation  doses  of 
atomic  fluorine  and  chlorine.  The  annealed  spectrum  consists  of  a 
bulk  peak  at  285.0  eV  and  a  shoulder  at  lower  binding  energy 
(283.9  ±0.2  eV)  associated  with  a  diamond  surface  state  (9,10).  The 
spectrum  of  the  fluorinated  sample  reveals  a  new  peak  at  286.8  ±0.2  eV 
associated  with  a  carbon  monofluoride  species  (10,11).  The  saturation 
coverage  for  fluorine  can  simply  be  estimated  by  comparing  the 
relative  integrated  intensities  of  the  surface  diamond  peak  and  carbon 
fluoride  peak.  Assuming  one  binding  site  per  carbon  atom,  a  coverage 
of  appro:  Imately  three  quarters  of  a  monolayer  is  obtained  (12). 

On  the  other  hand,  the  XPS  spectrum  of  the  chlorinated  diamond 
sample  is  virtually  indistinguishable  from  that  of  the  annealed  sample. 
Thus,  in  order  to  obtain  a  value  for  saturation  coverage,  it  is 
necessary  to  measure  the  chlorine  atom  uptake  using  the  Cl  2p  peaks. 
The  quality  of  the  data  is  limited  by  poor  signal  levels  and 
fluctuations  in  beam  Intensity.  By  comparing  normalized  signal  levels 
for  chlorine  and  fluorine  and  correcting  for  differences  in 
photo-ionization  cross  sections  and  spectrometer  detection 
efficiencies,  the  chlorine  atom  saturation  coverage  at  room 
temperature  can  be  estimated  at  no  more  than  half  a  aionolayer. 

The  fact  that  the  spectra  of  the  annealed  and  chlorinated  samples 
are  quite  similar  would  seem  to  Indicate  that  the  chlorine 
atom-diamond  surface  Interaction  is  fairly  weak.  This  hypothesis  is 
confirmed  by  the  data  in  Figure  2  which  show  the  effect  of  heating  a 
substrate  which  had  been  saturated  with  chlorine  atoms  at  223  X  and 
measuring  the  residual  chlorine  concentration  at  each  temperature.  It 
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is  el«ar  that  tha  ehlorlna  coveraga  la  not  atabla  at  room  taaperatura 
and  la  complataly  daaotbad  at  tamparaturas  uaad  in  procaaslng  diamond 
fllma.  Similar  data  for  fluorina,  shown  in  Flgura  3,  show  a  carbon 
fluorida  adlayar  atabla  to  700  X.  This  is  consistant  with  tha  pictura 
of  a  fairly  strong  surfaca-atom  intaraction  for  fluorina  indlcatad  by 
the  formation  of  a  distinct  C-F  XPS  peak.  This  evidence  raises  the 
questio  as  to  whether  F  atoms  etch  diamond  at  high  temperatures.  It 
should  be  noted  that  hydrogen  atoms  desorb  as  H2  even  though  etching 
is  energetically  allowed  (13). 

Carbon  Is  XPS  spectra  of  halogenated  H0P6  graphite  show  strong 
similarities  to  those  of  halogenated  diamond  surfaces.  As  seen  in 
Figure  4,  the  spectrum  of  the  H0P6  basal  plane  exposed  to  chlorine 
atoms  is  identical  to  that  of  the  annealed  sample.  The  measured 
chlorine  atom  concentration  is  a  small  fraction  of  a  monolayer. 

Fluorine  atoms,  on  the  other  hand,  interact  strongly  with  the  graphite 
surface,  forming  a  C-F  bond  as  shown  by  the  observation  of  a  new  XPS 
peak,  -2.5  eV  to  higher  binding  than  bulk  graphite.  This  C-F  peak 
is  virtually  Identical  to  that  observed  in  bulk  graphite  fluoride 
intercalation  compounds  (14)  (also  known  as  the  ionic  form  of  graphite 
fluoride).  But  by  integrating  the  F  Is  spectra  and  comparing  the 
observed  Intensity  to  that  obtained  on  diamond,  it  is  clear  that  no 
penetration  of  the  surface  has  occurred;  the  fluorine  atom  coverage 
saturates  at  approximately  1/4  of  a  monolayer  at  room  temperature. 
Figure  5  presents  ihe  amount  of  fluorine  left  on  the  surface  at 
various  temperatures;  the  adlayer  is  quite  stable  until  the  substrate 
is  heated  to  approximately  550  X.  Given  that  Rosner  and  Strakey  (15) 
found  a  sharp  fall-off  in  fluorine-induced  graphite  etching  below  1050 
X,  it  is  likely  that  the  fluorine  simply  desorbs  as  opposed  to 
etching. 

Molecular  halogens  do  not  seem  to  form  stable  halide  adlsyers 
with  either  diamond  or  graphite.  Molecular  fluorine  does  leave  behind 
some  residual  adlayer  on  diamond,  but  this  may  simply  be  due  to 
surface  defect  induced  reaction.  Otherwise,  virtually  no  traces  of 
halogen  atoms  could  be  observed  at  room  temperature  or  at  473  X. 

DISCUSSION 

The  data  presented  in  this  paper  Indicate  that  chlorine  and 
fluorine  atoms  will  play  quite  different  roles  in  any  potential 
diamond  deposition  scheme.  Chlorine  atoms  are  not  strongly  bound  to 
diamond  surfaces  at  any  useful  temperatures  and  thus  will  not  affect 
the  deposition  process  to  any  great  extent.  Fluorine  atoms,  on  the 
other  hand,  form  a  stable  adlayer  at  potential  deposition  temperatures. 
Thus,  they  are  probably  suitable  for  an  atomic  layer  epitaxy  (ALE) 
scheme,  where  they  can  be  used  to  cap  the  surface.  We  will  soon 
perform  experiments  in  this  laboratory  to  determine  if  atomic  hydrogen 
can  be  used  to  abstract  fluorine  atoms  as  a  way  of  controlling  diamond 
growth.  We  will  also  determine  if  fluorine  atoms  simply  desorb  in 
atomic  or  molecular  form  or  if  they  etch  diamond  by  forming  volatile 
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CFx  •paclss.  Fran  the  prallmlntry  data  on  graphita  fluorlnatlon.  it 
would  aaam  that  halogan  atoms  will  not  convart  gcaphita  to  diamond,  at 
laast  at  tha  low  temparaturaa  and  fltucas  Involvad  in  this  axparimant. 
Furthar  axparimants  will  eontinua  to  study  graphita  atching  at  high 
tamparaturas .  Wa  will  also  attempt  to  form  tha  eovalant  form  of 
graphita  fluorida. 
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Figure  1.  XPS  Spectra  of  Diamond  (100)  Substrates  which  have  been 
(from  Top  to  Bottom):  a)  annealed  at  1200  K;  b)  exposed  to  a 
saturation  coverage  of  fluorine  atoms  and  e)  chlorine  atoms  at  300  X. 

Cl  ATOMS  ON  DIAMOND  (100) 


1.0 

UJ 

Z  0.8 


£  0.6 

u 

<  0.4 

3 

O 

W  0.2 

C 


200  300  400  500  600 

TEMPERATURE  (K) 

Figure  2.  Thermal  Stability  of  Chlorinated  Diamond  Layer.  The 
substrate  was  chlorinated  to  saturation  at  223  K  before  heating. 

Relative  chlorine  concentrations  are  measured  by  integrating  the  Cl  2p 
XPS  peak.  J  a  e  y 
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Figure  3.  Thermal  Stability  of  Fluorinated  Diamond  Layer.  The 
substrate  was  fluorinated  to  saturation  at  room  temperature  before 
heating.  Relative  fluorine  concentrations  are  measured  by  integrating 
the  F  Is  XPS  peak. 
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Figure  4.  XPS  Spectra  of  Graphite  (Basal  Plane)  Substrates  Which  Have 
Been  a)  Annealed  at  500  K;  b)  Exposed  to  40  ML  of  Atomic  Fluorine;  and 
c)  Exposed  to  40  ML  of  Atomic  Chlorine)  at  300  K. 
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Figure  5.  Thennal  Stability  of  Fluorinated  Graphite  Adlayer;  the 
Substrate  Was  Fluorinated  to  Saturation  at  Room  Temperature  Before 
Heating. 
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ABSTRACT 

Images  of  CVD  boron  doped  diamond  films  have  been  obtained  by  using 
atomic  force  and  scanning  tunneling  microscopes  (AFM  and  STM).  The 
images  oomfirm  earlier  studies  on  the  effects  of  boron  additions  to 
diamond  films  during  growth. 


INTRODUCTION 

It  is  our  goal  to  use  established  diamond  deposition  processes  to  solve  specific 
engineering  problems.  Our  current  research  involves  analysis  and  application  of 
diamond  films  for  bearing  applications.  Therefore,  there  is  an  Interest  In  the  control  of 
mlcrostructure  and  roughness  of  as-grown  CVD  diamond  surfaces.  A  unique  means  of 
investigating  these  two  features  of  diamond  films  is  with  the  recently  developed  scanning 
probe  microscopies.  Atomic  force  (AFM)  and  scanning  tunneling  microscopy  (STM) 
have  been  shown  to  be  capable  of  atomic  resolution  on  a  wide  variety  of  conducting  and 
Insulating  materials.  These  techniques  appear  to  hold  promise  for  the  study  of  the 
structure  of  CVD  diamond  films.  This  paper  reports  the  results  obtained  by  AFM  and 
STM  examination  of  a  series  of  boron  doped  CVD  diamond  films. 


Scanning  MIcroaaoplas 

The  development  of  the  scanning  mio’oscopies  has  provided  new  methods  of 
investigating  surface  chemistry  and  physics  on  an  atomic  scale  of  materials.  Other 
analytical  t^nlques  are  incapable  of  examining  the  diamond  surface  from  the 
macroscopic  to  near  atomic  scale.  There  has  been  a  large  amount  of  work  published  on 
the  construction  and  use  of  these  microscopes  In  the  last  five  years.  The  reader  Is 
directed  to  some  general  references  on  the  application  and  use  of  scanning  tunnelling  and 
atomic  force  microscopes.  The  operation  and  use  of  the  STM  [1]  and  the  uses  and 
operation  of  the  AFM  [2]  have  been  recently  examined. 


Typically,  secondary  electron  microscopes  begin  to  lose  their  lateral  resolution 
between  60  and  100  KX  magnification  or  on  features  smaller  than  500  nm  in  diameter. 
Transmission  electron  microscopy  is  possible  in  this  magnification  range,  but  extensive 
samples  preparation  is  usually  necessary  for  this  technique  and  the  average  TEM  is 
incapable  of  atomic  resolution.  There  Is  a  significant  probiem  with  the  use  of  electron 
beam  based  microscopies  for  the  examination  of  diamond.  Diamond  is  usually  an 
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insulator  and  typically  requires  a  conductive  coating  of  gold  or  caitx)n  to  be  applied  to 
the  sample  surface  In  order  to  avoid  charging  effects  on  the  image.  Modifying  the 
diamond  surface  in  this  way  makes  It  unsuitable  for  other  characterization  techniques. 
The  AFM  does  not  require  any  sample  preparation. 


Boron  In  CVD  Diamond 

A  series  of  CVD  diamond  films  were  examined  by  AFM  and  STM  to  observe  the 
effects  of  boron  doping  on  their  morphology.  Boron  dop^  CVD  diamond  films  have  been 
made  by  several  different  techniques  and  have  been  found  to  simulate  natural  type  Mb 
semiconducting  diamond.  Boron  doped  diamond  growth  on  diamond  and  other  substrates 
has  been  described  in  a  number  of  recent  works  [3,  4,  S]. 


Sato  et  al.  (1987)  [3]  grew  their  boron  doped  diamond  films  by  microwave 
plasma  enhanced  CVD  with  diborane  as  the  dopant  dource.  They  noted  several  changes  In 
film  properties  with  variations  In  amount  of  diborane  added  to  the  gas  phase.  The 
electrical  conductivity  of  their  films  were  found  to  increase  with  increased  diborane 
flow  similar  to  that  observed  others  (4].  Significant  reductions  in  the  background  of  the 
Raman  spectra  of  boron  doped  diamond  films  have  also  been  observed  [4, 5].  The  changes 
obsenred  in  the  Raman  spectra  scaled  with  the  amount  of  boron  added  to  the  system. 
Features  observed  In  the  Raman  spectra  of  diamond  films  have  been  suggested  to  be  the 
result  of  defects  in  the  diamond  structure  and  boron  doping  of  the  material  appears  to 
substantially  affect  its  Raman  spectra  {?]• 


Additions  of  noncarbon  atoms  to  the  growth  environment  of  CVD  diamond  have 
been  predicted  to  result  in  the  formation  of  a  smaller  number  of  structural  defects 
during  growth  [8,  9].  Bernholc  et  al.  (1988)  (8)  predicted  that  with  boron  as  a  dopant 
'...the  reduced  self-diffusion  activation  energy  should  lead  to  better  quality  material.* 
The  presence  of  the  boron  atoms  would  also  result  in  a  lowering  of  the  surface  diffusion 
energy  during  CVD  crystal  growth  needed  for  the  carbon  atoms  to  align  themselves  In 
their  Referred  crystal  structure.  This  doping  model  suggests  that  the  crystalline 
quality  of  a  standard  undoped  diamond  film  will  be  improv^  by  an  addition  of  boron 
during  growth. 


EXPERIMENTAL 

The  atomic  force  and  scanning  tunneling  microscopes  and  electronics  used  in  this 
study  were  made  by  Digital  Instruments,  Santa  Barbara,  California.  The  microscopes 
were  operated  and  Image  acquisition  was  performed  using  the  Nanoscope  II  operating 
system  and  software.  Atomic  force  Images  were  obtained  with  the  Nanoscope  II  system 
from  a  very  simple  sample  arrangement.  This  microscope  operates  In  air  or  can  be  used 
in  a  controlled  atmosphere  glovebox  or  under  a  drop  of  oil  etc.  This  study  was  performed 
in  air.  Sample  preparation  consisted  of  mounting  a  piece  of  CVD  diamond  onto  a  sample 
stub.  The  diamond  was  deposited  onto  a  silicon  wafer  and  was  cut  down  to  approximately 
1  cm^  so  that  it  could  fit  in  the  microscope.  The  wafer  was  mounted  to  the  top  of  a 
cylindrical  piezoelectric  translation  element.  This  tube  provides  a  stable,  low  drift, 
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three  dimensional  scan  that  varies  In  size  depending  on  the  overall  length  of  the  tube. 

This  study  was  performed  using  two  different  scan  heads.  Each  head  contained  a 
piezoelectric  element  of  different  length.  The  maximum  lateral  scan  length  of  one  head 
was  approximately  i  pm  and  that  of  the  other  was  approximately  13  pm.  Both  heads  are 
capable  of  being  used  to  observe  atomic  structure  ahhough  the  head  with  the  shorter  scan 
length  has  a  much  greater  degree  of  lateral  resolution  and  a  smaller  amount  of  hysteresis 
during  raster.  The  tip  of  a  mirrored,  triangular,  cantilever  Is  placed  In  near  contact 
with  the  sample  surface  as  the  sample  is  restored  beneath  the  tip.  Variations  in  surface 
topography  are  detected  via  a  laser  beam  reflected  into  a  photo  diode  from  the  tip  of  the 
cantilever. 


The  microscope  hardware  and  software  provided  the  capability  to  Image  the 
sample  surface  In  either  a  height  or  applied  force  mode  for  the  AFM  and  in  either  a 
height  or  current  mode  for  the  STM.  Height  mode  imaging  with  the  AFM  Is  performed  by 
controling  the  voltage  applied  to  the  z  axis  of  plezoeledric  element  In  order  to  hold  the 
sample  and  the  cantilever  at  set  contact  force  (distance)  and  then  using  the  changes  In 
the  voltage  applied  to  the  piezoelectric  to  produce  an  image  In  conjunction  with  the  x-y 
raster  on  the  CRT.  Force  mode  imaging  is  performed  keeping  the  z  voltage  constant 
and  Imaging  the  changes  in  voltage  produced  by  the  deflection  of  the  cantilever  tip.  The 
height  mode  was  used  in  this  study  In  order  to  have  enhanced  vertical  resolution  and  to 
avoid  damage  to  the  cantilever  tip  and  the  sample.  Similar  means  are  used  in  the  STM  for 
height  and  current  imaging  but  with  the  current  being  the  observed  parameter. 


The  samples  of  boron  doped  CVO  diamond  films  examined  In  this  study  were 
prepared  by  microwave  plasma  deposition  with  various  amounts  of  diborane  added  to  the 
feedstock  gas  during  deposition.  The  various  levels  of  diborane  in  the  feedstock  gas 
provided  different  d^lng  levels  of  boron  in  the  films.  A  detailed  description  of  the 
deposition  parameters  for  these  films  is  provided  in  [6].  The  effects  of  boron  on  the 
diamond  films  were  observed  by  four  point  electrical  probe  measurments  and  Raman 
spectra  [4,  6).  The  surfaces  of  the  films  had  a  matte  appearance  and  were  blue-grey  In 
color. 


The  growth  parameters  used  for  the  diamond  deposition  were  not  optimized  to 
produce  diamond  films  with  the  sharpest  Raman  spectra.  These  films  were  grown  at  a 
reasonably  rapid  rate  in  the  microwave  device.  Fast  In  this  context  means  uniform 
diamond  films  four  to  five  microns  thick  were  deposited  in  the  space  of  about  five  hours. 
The  Raman  spectrum  of  the  undoped  film  shows  the  presence  of  a  significant  amount  of 
graphitic  bonding  which  would  not  have  been  present  under  slower  film  growth 
conditions. 


RESULTS 

A  limited  number  of  AFM  and  STM  Images  are  presented  here.  These  techniques 
have  shown  themse^e8  to  be  singularly  capable  of  Imaging  unprepared  diamond  surfaces. 
Figures  1  through  4  show  the  surface  features  of  the  series  of  diamond  films  whose 
growth  environment  had  an  Incrementally  increased  diborane  content.  Figure  1  shows 
the  undoped  diamond  film.  Figure  2  is  an  image  of  the  diamond  film  grown  In  the 
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presence  of  100  ppm  diborane.  The  image  was  obtained  at  a  similar  magnification  as 
Figure  1  and  shows  that  the  morphology  of  the  Aim  has  undergone  a  marked  change  when 
some  dborane  was  added  to  the  growth  environment.  Figure  3  is  an  AFM  image  of  a 
diamond  Aim  grown  in  the  presence  of  180  ppm  of  diborane  and  Figure  4  is  of  the  Aim 
grown  in  the  presence  of  300  ppm  diborane.  The  crystallites  in  Figures  3  and  4  are 
much  larger  than  those  in  Figures  1  and  2  and  much  more  euhedral  showing  the  effects  of 
further  boron  additions.  Figure  S  shows  an  STM  Image  of  the  diamond  Aim  grown  with 
300  ppm  diborane.  This  Aim  vras  continuous  and  fairly  pinhole  free.  Tunnelling  had  to 
occur  through  the  bulk  of  the  diamond  Aim.  The  Aim  grown  in  the  presence  of  180  ppm 
diborane  did  not  tunnel  and  attempts  to  in>3ge  it  with  the  STM  resulted  in  numerous  tip 
crashes.  One  aspect  of  this  study  provided  a  large  amount  of  frustration. 


Numerous  attempts  have  been  made  to  Image  the  atomic  structure  of  the  surface 
of  diamond  with  the  AFM.  Figures  1  through  4  show  features  on  the  diamond  Aim  surface 
that  are  observable  down  to  tens  of  nanometers  but  resolution  is  usually  lost  below 
approximately  30  nm  scan  width  images.  Atomic  scale  Images  have  yet  to  be  obtained 
with  the  AFM.  It  has  been  suggested  that  a  force  between  100  and  1000  times  greater 
than  that  typically  used  to  obtain  atomic  images  on  graphite  may  be  needed  to  produce  an 
atomic  Image  of  the  diamond  surface  [10].  This  has  yet  to  be  confirmed,  but  it  was  found 
during  the  course  of  this  study  that  it  was  possible  to  maximixe  the  force  on  the 
cantilever  tip  on  this  Instrument  and  sAII  be  unable  to  Image  atoms.  Atomic  Imaging  of 
graphite  and  muscovite  surfaces  is  a  fairly  routine  process.  However,  the  operational 
parameters  typically  used  for  those  materials  do  not  apply  to  diamond. 


Obtaining  images  of  diamond  on  an  atomic  scale  will  be  very  useful  for 
understanding  the  surface  crystal  structure  and  nature  of  defects  and  doping  in  the 
diamond.  At  present,  most  atomic  imaging  is  being  done  on  bulk  samples  In  high 
resolution  transmission  electron  microscopes  (HRTEM)  and  surface  structure  studies 
are  being  performed  with  low  energy  electron  diffraction  (LEED)  [11,  12).  The  AFM 
and  STM  could  serve  to  answer  many  questions  about  the  material  that  these  techniques 
are  as  yet  unable  determine. 


SUMMARY 

It  is  clear  from  Figures  1  through  4  that  the  addition  of  diborane  to  the  growth 
environment  has  a  very  large  effect  on  the  crystallite  morphology  and  size  In  a^ition  to 
the  previously  examined  conductivity  and  Raman  spectra.  The  atomic  force  microscope 
Is  uniquely  suited  to  the  study  of  the  the  surface  morphology  of  diamond  Alms.  This 
technique  has  shown  its  usefulness  In  the  study  of  the  effects  of  a  changing  deposition 
environment  on  the  microstructure  of  CVD  dianwnd  Alms.  Results  obtained  from  a 
series  of  boron  doped  diamond  films  confirms  earlier  work  on  the  effects  of  boron 
additions  to  the  diamond  Aim  growth  environment. 
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Flours  1,  AF'l  imaoe  of  C''0  diamond  film  -  undoned. 


Figure  ?,  AFI*I  Image  of  CVO  diamond  film  - 
100  opm  Oiboran®. 
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Flnure  3.  AFM  imago  of  CVO  diamond  film 
180  npm  Oiborone. 


Figure  4,  AFM  image  of  CVO  diamond  film 
300  pom  Olborane. 


Finurs  5.  STM  image  of  C''D  diamond  film  - 
300  oom  Olborane. 
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PART  IV:  APPLICATIONS 


DIAMOND:  what,  when,  and  where 

Max  N.  Voder 
Electronics  Division 
office  of  Naval  Research 
Arlington,  Virginia  22217 


ABSTRACT 

A  brief  history  of  artifact  diamond  films  is 
presented.  Several  basic  approaches  to  growth  are 
heuristically  presented  within  the  successful 
boundary  conditions  for  such  growth  followed  by 
qualitative  results.  New  approaches  to  growth  are 
presented  with  an  emphasis  on  their  basic 
differences  with  past  approaches.  Applications  are 
presented  as  a  function  of  their  market  size, 
introduction  date  and  dependence  on  research 
advances . 

WHAT  is  all  the  recent  activity  in  diamond  all  about?  The 
answer  is  films,  films,  and  more  films.  Although  artifact 
diamond  films  could  be  grown  as  early  as  the  1960s,  their 
growth  rates  were  abysmal  and  their  quality  uncertain.  The 
advances  of  the  mid  and  late  1950s  in  high  pressure,  high 
temperature  artifact  diamond  were  so  striking  and  industrial 
production  so  certain  and  profitable  that  research  in  films 
waned  —  except  in  the  U.S.S.R.  There  it  was  found  that  the 
combination  of  atomlo  hydrogen  and  hydrocarbons  was 
efficacious  in  the  deposition  of  diamond  films.  This  work  was 
further  developed  by  the  Japanese  at  the  National  Institute 
for  Research  in  Inorganic  Materials  (NIRIM) .  Their  major 
contribution  was  the  Introduction  of  the  microwave  plasma 
whereby  the  atomic  hydrogen  concentration  (deemed  so  necessary 
in  diamond  film  growth)  could  be  significantly  increased.  The 
successes  in  Japan  soon  stimulated  research  in  the  USA,  and 
more  recently  in  Western  Europe,  Canada,  Australia,  India, 
China,  Union  of  South  Africa,  and  Taiwan.  Diamond  research 
programs  are  now  underway  in  most  industrialized  nations. 

The  vast  majority  of  the  diamond  films  being  deposited 
use  the  basic  process  whereby  a  hydrocarbon  gas  is  diluted  in 
hydrogen.  Nucleation  on  non-diamond  substrates  is  usually 
preceded  by  scratching  the  substrate  with  a  diamond  paste  and 
using  a  feed  stock  mixture  of  up  to  4%  hydrocarbon  in 
hydrogen.  While  such  a  mixture  stimulates  diamond  nucleation, 
it  does  not  lead  to  high  quality  diamond  films.  The  highest 
quality  films  grown  by  this  basic  procedure  use  but  0.5% 
hydrocarbon  dilution  in  hydrogen. 
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There  are  four  commonly  employed  procedures  for  the 
creation  of  the  essential  atomic  hydrogen  from  the  mixture. 
The  first  is  the  aforementioned  Miorovave  plasma.  Its  basic 
advantage  is  the  relative  ease  with  which  a  very  dense  and 
high  temperature  plasma  nay  be  created  in  a  comparatively 
small  volume.  The  dlreot  ourrent  plasma  is  also  widely  used 
in  various  configurations.  Its  basic  advantage  is  the 
extremely  high  plasma  temperatures  it  provides.  It  can  be 
statistically  shown  that  higher  growth  rates  ensue  from  high 
plasma  temperatures.  Although  not  yet  proven,  the  higher 
plasma  temperatures  engender  a  greater  nui^er  of  very  simple 
hydrocarbon  radicals  and  it  is  probably  that  these  short-lived 
radicals  contain  more  of  the  Immediate  precursors  most  suited 
to  diamond  growth.  The  radio  frequency  (RV)  plasma  sources 
provide  advantages  of  uniformity  over  large  areas.  The  hot 
filament  approach  to  diamond  film  growth  offers  a  conceptually 
unlimited  large  area  uniformity  advantage,  but  suffers  from 
filament  aging,  a  comparatively  low  "plasma”  temperature,  and 
the  Increased  probability  of  film  contamination  by  filament 
material.  Argon  or  other  noble  gases  are  frequently  used  as 
carrier  gases  in  the  plasma  systems  as  a  means  of  stabilizing 
the  plasma  and  increasing  the  lifetime  of  the  atomic  hydrogen. 

The  introduction  of  oxygen  into  the  feed  stock  mixture 
was  recently  shown  to  be  efficacious  from  a  number  of 
perspectives.  The  reason  for  this  can  be  derived  from  Table 
I.  To  do  this,  one  must  first  recall  why  atomic  hydrogen  was 
believed  to  be  so  essential  for  diamond  film  growth.  When  the 
surface  of  diamond  is  untermlneted,  the  carbon  bonds  dangling 
from  its  surface  will  reconstruct  as  unwanted  sp^  pi  bonds. 


Table  I. 

APPROXIMATE  BINDING  ENERGIES  TO  DIAMOND 


Terminating  Species  Binding  Energy 

(kCal/mol) 


Oxygen 

127 

Fluorine 

107 

Hydrogen 

101 

Carbon 

88 

Hydroxyl  (OH) 

85 

Chlorine 

80 

NO 

42 

Nickel 

low 

Copper 

very  low 
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This  reconstruction  predisposes  to  the  graphitic  allotrope  of 
carbon  thereby  preventing  subsequent  diamond  growth. 
Hydrogen,  however.  Is  both  a  blessing  and  a  curse.  As  seen  in 
Table  I,  It  binds  to  the  diamond  surface  with  an  energy 
greater  than  that  of  carbon  1  Its  tenacious  hold  can  be  broken 
by  kinetic  bombardment  with  another  proton  during  molecular 
(Hj)  reformation  at  an  energy  of  104  kCal/mol.  Statistically 
it  Is  known  that  for  every  10*  such  atomic  hydrogen 
abstractions,  only  one  Is  replaced  by  carbon.  The  process  Is 
thus  very  Inefficient.  Moreover,  approximately  0.1%  of  the 
hydrogen  atoms  remain  In  the  diamond  film.  At  substrate 
temperatures  above  850  "C,  hydrogen  Is  also  energetically 
driven  from  the  diamond  surface  but  again  Is  predominately 
replaced  by  other  hydrogen  rather  than  by  carbon.  For  this 
reason,  diamond  film  growth  using  the  method  of  hydrocarbons 
diluted  In  hydrogen  Is  best  accomplished  at  temperatures  above 
850  "C.  The  Introduction  of  oxygen  significantly  relaxes  the 
acceptable  conditions  under  which  diamond  films  will  grow.  An 
examination  of  Table  I  Indicates  that  oxygen  binds  to  the 
diamond  surface  with  an  even  greater  tenacity  than  does 
hydrogen.  It  is  thus  very  Improbable  that  the  presence  of 
oxygen  results  In  an  oxygen-terminated  diamond  surface. 
Although  the  means  by  which  this  happens  has  not  been  fully 
ascertained,  two  possible  reasons  are  postulated.  The  first 
is  that  since  atomic  oxygen  bonds  to  hydrogen  with  an  energy 
of  118  kCal/mol,  this  may  be  (depending  on  barrier  height) 
sufficient  for  its  presence  to  abstract  a  carbon-terminating 
hydrogen  atom  from  the  diamond  surface  and  thus  provide  a 
greater  "frequency"  of  carbon  dangling  bonds  to  be 
reterminated  with  carbon.  A  more  probable  postulate,  however. 
Is  that  hydroxyl  radicals  are  formed  and  that  It  Is  these 
radicals  that  terminate  the  surface.  From  Table  I  It  can  be 
seen  that  they  will  bind  to  the  diamond  surface  with  slightly 
less  energy  than  does  carbon.  Thus  they  will  desorb  at  much 
lower  temperatures  (e.g.,  450  ®C) .  in  the  presence  of 

energetic  protons.  It  Is  energetically  favorable  (117  kCal/mol 
vs  85  kCal/mol)  to  form  H2O  and  detach  from  the  surface  with 
an  even  greater  frequency.  Oxygen  addition  to  the  feed  stock 
has  been  accomplished  In  many  forms.  While  the  most  common 
are  ...e  addition  of  CO  and  Oj  to  the  feedstock,  various 
alcohols  have  also  been  used  to  replace  hydrocarbon 
feedstocks.  CO  diluted  In  has  also  proven  successful  as 
has  the  addition  of  cOj  to  hydrocarbons  diluted  in  hydrogen. 
Diamond  does  not  usually  grow  when  the  atomic  oxygen 
concentration  exceeds  the  atomic  carbon  concentration  since 
the  formation  of  CO  and  CO*  Is  energetically  favorable  to  that 
of  diamond  formation.  Peter  Bachman  has  statistically 
compiled  the  results  of  published  experiments  using  oxygen  in 
the  feedstock  (1).  Successful  diamond  growth  accrues  within 
a  narrow  range  of  mixtures.  An  abbreviated  description  of  the 
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Bachman  findings  is  shown  in  figure  1  and  denoted  as  the  magic 
Bachman  wedge.  It  is  only  within  the  shaded  narrow  wedge  of 
the  triangle  that  diamond  has  successfully  been  grown. 
Recently  diamond  films  have  been  shown  to  grow  without  any 
dilution  in  molecular  hydrogen  gas  (2)  (3).  The  only  hydrogen 
present  during  growth  derives  from  the  hydrocarbon  feed  stock. 

The  seemingly  necessary  requirement  to  maintain  the 
diamond  surface  with  a  terminator  capable  of  inhibiting  the 
unwanted  carbon  pi  bonding  requires  considerably  more 
investigation.  How  low  can  the  binding  energy  be  and  still 
prevent  the  unwanted  reconstruction?  Since  it  appears  that 
the  lower  this  terminating  energy  is  (at  least  in  the  case  of 
the  hydroxol) ,  the  easier  it  is  to  grow  diamond,  other  species 
should  be  Investigated.  From  Table  I  it  would  seem  that  NO 
may  be  the  next  appropriate  choice  of  terminating  radicals. 
Its  binding  energy  is  less  than  half  that  of  the  carbon-carbon 
bond  in  diamond.  One  possible  disadvantage  of  this  approach 
is  that  residual  nitrogen  left  in  the  films  would  be 
Inappropriate  for  semiconducting  diamond.  Thermal 
conductivity  would  also  be  decreased.  Since  the  C-N  bond  is 
actually  stronger  than  the  C-C  bond,  residual  nitrogen  could 
further  strengthen  and  harden  the  diamond  films. 

The  use  of  halocarbons  provides  an  alternative  to 
hydrocarbon  feedstocks.  A  prima  facie  case  for  the  use  of 
halocarbons  cannot  be  made  from  casual  observation  of  Table  I. 
Indeed,  it  would  appear  to  be  counterproductive  to  use 
halogens  for  terminating  the  diamond  surface  and  the  most 
common  one  exhibits  binding  energies  stronger  than  that  of 
hydrogen.  The  efficacy  of  the  halogens  lies  not  in  their 
binding  energy  to  carbon,  but  in  their  binding  energy  to 
hydrogen.  The  H-F  bond  is  134  kCal/mol.  The  halogen  atom  on 
any  halocarbon  radical  absorbing  on  a  hydrogen-terminated 
surface  has  a  100%  probability  of  abstracting  the  hydrogen 
from  the  diamond  surface  and  forming  an  HF  molecule.  This 
abstraction  leaves  a  nascent  carbon  dangling  bond  on  the 
surface  and  in  nearest  proximity  to  it  a  halocarbon  radical. 
The  probability  of  *this  halocarbon  radical  terminating  the 
dangling  surface  bond  is  extremely  high.  Using  such 
extraction/exchange  mechanisms,  it  should  be  possible  to  grow 
diamond  at  room  temperature. 

When  will  diamond  film  growth  be  emancipated  from  the  growth 
rate  inhibiting  restrictions  of  surface  terminators?  Soon. 
Diamond  is  known  to  grow  at  substrate  temperatures  approaching 
1500  °C  (4)  (5)  (6) .  At  these  temperatures  the  lifetime  of 
any  surface  terminators  is  extremely  short-lived.  Although 
the  selectivity  ratio  governing  the  replacement  of  surface- 
terminating  bonds  with  hydrogen  or  carbon  is  most  probably  not 
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significantly  changed,  the  frequency  of  occurrence  is 
appreciably  Increased. 

Total  emancipation  from  the  hydrogen  curse  has  also  been 
demonstrated.  The  first  such  hydrogen-free  growth  was  by  the 
implantation  of  a  large  (l.e.,  fluence  of  carbon  ions 
into  single  crystalline  copper  (for  which  there  is  no 
measurable  solubility  for  carbon)  and  by  virtue  of  the  900  ”0 
temperature,  effusing  the  carbon  to  the  surface  whereupon  it 
formed  a  50  nanometer  thick  single  crystalline  diamond  film 
heteroepltaxially  oriented  to  the  underlying  copper  (7) .  This 
experiment  by  Johan  Prins  and  Horace  Gaigher  is  thought  to  be 
best  reproduced  under  conditions  wherein  any  non-diamond 
carbon  allotropes  are  actively  and  completely  removed  from  the 
surface  during  the  nucleatlon.  In  this  situation  the  diamond 
film  appears  to  grow  from  its  underside  and  that  (presumably 
by  virtue  of  the  heteroepltaxlal  relationship  between  the 
diamond  and  the  underlying  single  crystalline  copper)  tmwanted 
pi  bonding  does  not  accrue.  While  the  carbon-copper  bond 
energy  is  not  accurately  known,  it  is  apparently  sufficient 
(at  least  when  heteroepltaxlal  orientation  occurs)  to  prevent 
the  unwanted  diamond  reconstruction. 

A  most  interesting  and  efficacious  variation  of  the  Prins 
technique  was  subsequently  published  (8) .  Here  the  carbon 
Implanted  copper  was  subjected  to  a  45  nanosecond  duration 
laser  pulse  of  up  to  5  Joules/cm*  —  an  energy  level 
sufficient  to  melt  the  copper.  A  50  nm  thick  single 
crystalline  diamond  film  resulted.  The  growth  rate  translates 
to  about  4000  meters/hour!  Although  the  exact  temperature  was 
not  given,  copper  melts  around  1380  "C.  Presumably,  the 
temperature  did  not  exceed  1477  "C  above  where  it  is 
improbable  that  diamond  can  grow  ( 4 ) . 

Further  analysis  of  the  liguld-copper-lnduced  diamond 
nucleatlon  and  subsequent  growth  is  in  order.  The  volume 
expansion  of  copper  upon  melting  is  small.  Therefore  the 
copper  bonds  (although  flexible)  are  still  of  substantially 
the  same  length  as  in  the  solid  (and  hence  within  about  one 
percent  of  those  of  diamond) .  As  such,  they  could  influence 
the  nucleatlon  of  effusing  carbon  into  the  diamond  allotrope. 
If  the  diamond  was,  in  fact,  nucleated  and  partially  grown 
while  the  copper  was  still  in  the  molten  state,  this  procedure 
is  not  that  different  from  the  formation  of  common  ice,  from 
the  formation  of  silicon  boules,  or  from  the  formation  of 
gallium  arsenide  boules  pulled  through  liquid  boric  oxide  from 
an  underlying  molten  GaAs  melt.  More  recently,  1-2-3  high 
temperature  superconductors  have  been  spontaneously  nucleated 
and  grown  on  the  surface  of  oxide  melts.  If  such  nucleatlon 
on  the  surface  of  a  molten  copper  surface  can  be  ascertained, 
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then  even  greater  possibilities  arise.  Individual  islands  of 
diamond  nucleation  on  such  a  surface  are  free  to  rotate.  As 
such  islands  coalesce,  they  are  free  to  rotate  in  such  a 
manner  so  as  to  configure  at  their  lowest  energy  state  if  the 
time  constants  are  appropriate.  Conceptually,  this  means  the 
elimination  of  grain  boundaries  and  large  area  single 
crystals.  Figure  2  Illustrates  a  means  of  accomplishing  this 
over  a  larger  area  than  possible  with  a  laser  pulse.  For  such 
nucleation  to  happen,  it  is  mandatory  to  maintain  the  copper 
surface  absolutely  free  of  carbon  until  the  copper  is  actually 
melted  so  as  to  prevent  a  non-diamond  carbon  seed  from 
forming.  An  iridium  crucible  may  be  necessary  for  cleanliness 
and  the  carbon  "feedstock"  introduction  delayed  until  growth 
temperature  is  reached. 

A  hundred  years  ago  aluminum  was  more  costly  than  gold. 
Today  it  litters  our  highways 1  Hydrogen-free  growth 
techniques  are  seen  as  the  most-plausible  approach  to  reducing 
the  cost  of  diamond  film  growth. 


What  is  the  material  whose  properties  are  most  likely  to 
represent  the  extremus  of  all  values  in  any  matrix  table  of 
materials  and  their  physical,  optical,  acoustical,  and 
electronic  properties?  Diamond,  of  course.  Even  when  the 
value  for  diamond  does  not  represent  an  extremus  (e.g., 
electron  mr'oilit/),  its  other  extremus  properties  (e.g., 
charge  carrier  velocity  at  high  electric  field)  permit  the  use 
of  clever  applications  that  circumvent  it  less-than- 
superlative  properties.  It  is  because  of  these  superlative 
properties  that  diamond  films  will  become  ubiquitous. 


Where  will  diamond  be  applied?  Diamond  is  noted  for  its 
corrosion  resistance.  At  temperatures  under  1000  "C  only 
oxygen  containing  materials  will  attack  diamond.  The  U.  S. 
Navy  spends  $200,000,000  each  year  in  reduced  fuel  efficiency 
and  drydocking  because  of  barnacles  and  corrosion.  The  world¬ 
wide  merchant  marine  spends  even  more.  Not  only  do  barnacles 
not  attach  to  diamond,  but  diamond  coatings  would  protect 
underlying  steel  from  salt  water  corrosion.  For  this 
promising  application  and  solution  to  be  consummated,  a  lower 
cost  method  of  applying  diamond  films  must  accrue.  A  more 
realistic  possibility  is  that  of  diamond  coating  for 
artificial  heart  valves  so  as  to  eliminate  the  need  for 
patients  to  require  blood  thinners  for  the  remainder  of  their 
lives.  still  other  anti-corrosive  biological  applications 
include  virtually  all  prosthetic  device  implants  or  their 
coatings. 


518 


Several  properties  of  diamond  combine  to  render  It  the 
material  of  choice  for  optical  coatings.  Being  the  hardest 
and  stroiigesT:  cf  all  applicable  materials,  It  does  not  easily 
shatter  when  Impacted  by  a  raindrop  at  mach  4.  Having  a  low 
loss  tangent  and  very  broad  optical  spectrum  of  transparency, 
diamond  Is  Ideally  suited  for  use  In  radomes  used  In  dual  or 
multlspectral  electromagnetic  systems.  By  far  the  largest  use 
of  diamond  optical  coatings  will  be  In  military  systems.  As 
lower  temperature  (l.e.,  halogen-based)  growth  techniques 
become  better  understood,  the  coating  of  plastic  optics  (e.g., 
eyeglasses)  will  also  ^ee  widespread  application.  Still  other 
applications  of  diamond  optical  coatings  Include  those  of 
coating  solar  cells  and  IR  detectors  with  diamond  anti- 
reflection  films.  Such  coatings  reduce  deterioration 
resulting  from  microparticle  abrasion. 

Natural  diamond  Is  unexcelled  In  thermal  conductivity. 
Homoepltaxlal  diamond  films  appear  to  be  equally  superlative. 
Polycrystalllne  diamond  films  exhibit  thermal  conductivities 
of  up  to  14  W/^C-cm  In  the  direction  of  growth.  Isotoplcally 
pure  diamond  may  exhibit  thermal  conductivity  50%  higher  than 
that  of  natural  diamond.  The  combination  of  Its  thermal 
attributes  with  Its  erosion  and  corrosion  resistance  render  It 
Ideal  for  fluid  flow  heat  exchangers.  By  combining  microwave 
loss  tangent  with  dielectric  constant  and  thermal  conductivity 
a  figure  of  merit  for  diamond  as  a  substrate  for  electronic 
Integrated  circuits  Is  derived.  A  comparison  Is  shown  In 
Table  II  where  loss  tangents  are  taken  In  the  millimeter  wave 
spectrum.  The  coefficient  of  thermal  expansion  for  diamond  Is 
much  less  than  that  of  most  semiconductors.  This  aspect  Is 
mitigated  by  the  ability  of  diamond  to  keep  the  semiconductor 
temperature  rise  to  a  minimum  and  by  the  ability  to  bond 
extremely  thin  (e.g.,  <  1  micron)  semiconductor  Integrated 
circuits  to  diamond  by  Van  der  Vaals  bonding  wherein  small 
lateral  translation  Is  tolerated,  but  vertical  adhesion 
remains  strong  as  does  thermal  conductivity. 

TABLE  II. 


Material 

Dielectric 

Constant 

(relative) 

Loss 
Tangent 
(X  XO'*) 

Thermal 

Conductivity 

(W/cm-"C) 

FOM 

Diamond 

5.5 

6 

20 

0.6 

BeO 

6.5 

5 

2.5 

0.07 

CBN 

5.8 

6* 

13# 

0.37 

Sapphire 

9.0 

10 

3.5 

0.04 

AIN 

8.0 

5* 

3.2 

0.08 

*  value  uncertain  #  theoretical 


It  !•  as  a  aenlconductor  that  diamond  may  find  Its 
ultimate  application.  The  first  such  application  is  most 
likely  to  be  that  of  a  solid  state  cold  cathode.  Whereas 
thermionic  cathodes  operating  at  1100  ‘C  tend  to  be  rather 
inefficient,  exhibit  a  bullt-iin  wear-out  mechanism  (  amperes 
times  hours  is  a  constant) ,  and  are  subject  to  "poisoning"  of 
the  surface  by  oxygen  at  pressures  as  low  as  10'**  Torr, 
diamond  appears  to  be  immune  from  all  of  these.  If  fact,  the 
efficiency  of  diamond  cathodes  is  actually  improved  by 
exposure  to  oxygen  (10) .  While  thermionic  cathodes  used  in 
cathode  ray  tubes  typically  exhibit  emission  density  of  10 
A/cm^,  semiconductors  typically  exhibit  current  densities  of 
several  x  lO^A/cm*.  Although  diamond  cold  cathodes  have  not 
yet  exhibited  such  emission  current  density,  they  are  within 
striking  distance  of  replacing  thermionic  devices.  Even 
polycrystalline  diamond  has  been  shown  to  emit  electrons.  In 
separate  demonstrations,  polycrystalline  diamond  has  been 
grown  with  predominately  {111}  faces;  it  is  the  {111}  face  of 
diamond  that  has  the  negative  electron  affinity  property. 

Diamond  has  a  higher  dielectric  strength  than  any  other 
semiconductor  (10*  volts/cm)  and  higher  charge  carrier 
velocities  at  high  electric  fields  than  do  other 
semiconductors.  By  virtue  of  these  properties,  the  figure  of 
merit  for  diamond  as  a  microwave  power  amplifier  exceeds  that 
of  silicon  by  a  factor  of  8200.  Its  high  bandgap  (5.5  eV) 
renders  it  most  useful  for  high  temperature  operations  in  that 
leakage  current  is  negligible  at  temperatures  of  300  Celsius, 
iniile  its  high  frequency  performance  potential  obviously 
degrades  at  high  temperatures,  it  still  exhibits  the  highest 
performance  at  the  highest  temperature  of  any  known 
semiconductor.  The  high  bandgap  also  renders  possible  an 
ideal  configuration  for  a  photodetector  of  ultra  violet,  x- 
ray,  and  other  radiation.  Since  it  has  negligible  leakage 
current  at  room  temperature  and  above,  the  conventional  need 
for  a  P_N  junction  is  eliminated.  The  ability  to  construct 
such  a  detector  in  such  a  simple  manner  as  a  parallel  plate 
capacitor  not  only  reduces  fabrication  cost,  but  Improves  the 
electric  field  distribution  across  the  diode  thereby  reducing 
signal  dispersion  caused  by  unequal  fields  presented  the 
electrons  and  the  holes  in  conventional  devices.  Insulated 
gate  Field  Effect  Transistors  (FETs)  made  of  diamond  can  also 
be  simplified  —  they  need  no  channel  backdoping  to  reduce 
leakage.  This  also  eliminates  ionized  impurity  scattering. 


Where  are  the  markets?  When  will  they  materialize?  The 
cutting  tool  and  hard  surfacing  markets  will  be  well  developed 
by  the  end  of  the  decade.  In  that  time  span  these  markets  for 
diamond  films  will  easily  exceed  $1.5  B/yr.  All  other  diamond 
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film  products  are  expected  to  reach  $0.5B/yr  by  2010  if  the 
diamond  semiconductor  device  market  does  not  materialize.  If 
it  does,  that  market  alone  could  reach  $lB/yr. 
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Figure  i.  The  Bachman  Magic  Wedge 
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Figure  2.  Diamond  on  Liquid  Copper 
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ABSTRACT 

The  use  of  boron  and  lithium  as  dopant  impurities  in  diamond  has  been 
investigated  using  diborane  and  lithium  fluoride  as  in  situ  dopant 
sources.  The  lithium  was  investigated  as  a  possible  n-type  dopant.  The 
diamond  material,  grown  by  rf  plasma  discharge  at  low  pressure,  was 
characterized  electrically  and  microstructurally.  The  boron  was  found  to 
be  p*type,  as  expected,  with  an  activation  energy  of  0.24  eV.  The  lithium 
doped  material  was  also  found  to  be  p*type  with  a  similar  activation 
energy.  SIMS  data  indicates  that  the  lithium  doped  samples  also  contain 
significant  concentrations  of  boron,  enough  to  account  for  the  electrically 
active  species.  However  the  mobility  of  the  carriers  in  the  Li/B  doped 
material  seem  to  be  somewhat  higher.  Schottky  barrier  diodes  were 
formed  on  the  Li/B  doped  material  which  showed  good  rectifying 
behavior.  The  minority  carrier  diffusion  length  in  the  material  was 
estimated  from  EBIC  measurements  to  be  —  0.5  ^m.  The  lithium 
appears  to  be  electrically  inactive  in  this  material,  although  it  may 
improve  the  electrical  characteristics  of  the  material.  IGF^  devices 
were  fabricated  in  the  B  doped  and  Li/B  doped  materials  using  a  selec¬ 
tive  deposition  fabrication  scheme.  The  boron  doped  device  exhibited 
a  transconductance  of  38  pS/mm. 


Introduction 

The  extremely  selective  nature  of  the  plasma  activated  diamond  deposition 
process'.,  provides  a  very  useful  and  flexible  vehicle  for  device  fabrication  sequences. 
Other  workers  have  already  reported  diamond  insulated  gate  field  effect  transistor 
(IGFET)  fabrication  using  selective  diamond  deposition  with  a  sputtered  quartz  insula¬ 
tor  [Ij.  The  doping  of  active  layers  for  diamond  devices  is  a  crucial  topic  and  is 
currently  under  study  by  several  groups  |2,3,4|.  Boron  has  been  established  as  a  p-type 
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The  B  doped  stmplee  were  determined  to  be  p-type  ee  expected  with  %  carrier  den¬ 
sity  in  the  10”cm~*  range.  Two  levels  were  seen  in  the  plot  of  carrier  density  vs.  tem¬ 
perature  as  shown  in  Figure  1.  One  had  a  low  activation  energy  of  0.0062  eV,  and  the 
other  had  an  activation  energy  of  0.24  eV.  The  origin  of  the  low  activation  energy  level 
is  unknown  at  this  point.  The  0.24  eV  level  is  more  characteristic  of  B  activation  in 
diamond  [3].  Hall  mobilities  measured  were  on  the  order  of  45  cmVVsec.  It  is  likely 
that  the  B  is  compensated  by  some  other  level  in  the  diamond,  possibly  a  damage  or 
crystalline  defect  related  level. 

Lithium  samples  were  also  characterized  by  Hall  measurements.  Data  from  a 
heavily  Li  doped  sample  is  shown  in  Figure  2.  Data  from  a  more  lightly  doped  sample  is 
shown  in  Figure  3.  ^th  samples  exhibit  p-type  behavior,  which  was  unexpected.  The 
activation  energies  of  the  acceptor  levels  in  the  samples  seemed  surprisingly  close  to  the 
level  measured  for  the  boron  doping.  The  lightly  doped  sample  did  however  exhibit  the 
higher  mobility  than  the  B  doped  sample. 

SIMS  analysis  of  the  heavily  Li-doped  sample  showed  both  Li  and  B  in  the  film. 
The  amount  of  Li  was  —  10*'  cm~*;  the  amount  of  B  was  ~  10**  cm'*.  The  source  of 
the  B  is  at  this  point  undetermined;  however,  it  is  likely  to  be  a  deposition  system  com¬ 
ponent.  It  is  very  probable  that  the  p-type  behavior  is  from  the  boron  in  the  film  and 
not  the  Li.  The  Li  does,  however,  seem  to  have  a  beneHcial  effect  on  the  electrical  pro¬ 
perties  of  the  nim. 

Gold  Schottky  diode  structures  were  fabricated  on  a  heavily  lithium-doped  sample 
that  had  received  a  30  minute  hydrogen  plasma  treatment  (1500  watts  of  RF  power  into 
the  plasma),  at  5  Torr,  at  approximately  700  *C.  These  diodes  showed  good  rectification 
behavior  with  a  turn-on  voltage  of  2.5  V  and  a  breakdown  voltage  of  6  to  8  V.  The 
reverse  leakage  current  at  6  volts  is  on  the  order  of  i2.5  pA/cm*.  Gold  contacts  which 
had  been  deposited  on  material  doped  with  boron  alone  (which  had  received  a  similar 
hydrogen  plasma  treatment)  exhibited  ohmic  behavior. 

The  Au  Schottky  contact  was  used  to  perform  electron-beam  inducrd  current 
(EBIC)  measurements.  EBIC  was  used  to  estimate  the  minority-carrier  diffusion 
lengths.  A  thin  Au  Schottky  contact  was  used  for  charge  collection,  and  the  induced 
current  was  measured  as  a  function  of  distance,  in  plan-view,  from  the  contact.  For 
primary  beam  energies  from  lOkeV  -  20  keV,  the  minority-carrier  diffusion  length  was 
measured  to  be  0.5pm.  This  compares  with  measured  minority-carrier  diffusion  lengths 
of  3pm  in  natural  type  lib  diamond  (B-doped)  (7j. 


Diamond  IGFET  Fabrication  and  Testing 

Transistor  structures  were  fabricated  on  a  Type  LA  natural  diamond  (100)  sub¬ 
strate  from  Drucker-Harris.  The  diamond  substrate  was  cleaned  using  a  conventional 
RCA  wet  chemical  clean  [8].  Polysilicon  layers  as  well  as  SiO^-polysilicon  composite 
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Ikytrs  were  used  aa  meeking  material.  During  diamond  deposition  the  top  layer  of  the 
silicon  is  carbonized  making  it  impervious  to  the  hydrogen  etching  environment.  It  was 
found  that  SiOj  masks  were  removed  by  the  hydrogen  environment  if  no  oxygen  was 
used  in  the  process.  The  composite  structure  assures  that  the  carbonized  silicon  layer 
can  be  removed  from  the  wafer.  The  mask  was  patterned  using  standard  lithographic 
techniques  and  wet  etching  to  open  holes  for  deposition  of  the  conducting  p-type  dia¬ 
mond  areas.  Following  diamond  deposition,  the  silicon  mask  was  etch  removed.  The 
sample  was  then  coated  with  a  250  A  RPECVD  SiOj  gate  dielectric.  This  process  has 
been  used  to  deposit  low  temperature,  gate-quality  dielectrics  on  Si  and  other  semicon¬ 
ductors  [9,10j.  Titanium  gate  electrodes  were  formed  using  liftoff.  Source-drain  con¬ 
tact  openings  were  patterned  and  openings  etched  in  the  oxide  using  buffer  HF  solution. 
Titanium  contacts  were  formed  using  liftoff.  The  contacts  were  ohmic  as  deposited. 
The  gate  length  and  width  of  the  transistors  was  8/im  and  SOfiia,  respectively. 

Two  types  of  working  IGFBT  structures  were  fabricated,  one  using  boron  doping 
alone  and  one  using  the  lithium  doping.  In  both  cases  a  major  limitation  on  the  device 
fabrication  process  was  control  of  the  dopant  concentration. 

The  boron  doped  diamond  IGFET  source  drain  I-V  characteristics  are  shown  in 
Figure  4.  The  device  showed  transistor  action  characteristic  of  a  p-channel,  depletion 
mode  device.  The  device  cannot  be  pinched  off  with  the  available  gate  voltage.  Ths 
leakage  current  is  most  likely  due  to  defects  in  the  material  or  surface  leakage.  The 
maximum  transconductance  of  the  device  is  38  fiS/mm  at  8  V  drain  to  source.  The 
transconductance  of  the  device  is  slightly  larger  for  the  1  to  2  V  gate  step  than  for  the  0 
to  1  V  gate  step.  This  increase  in  transconductance  with  increasing  depletion  is  indica^ 
tive  of  a  relatively  high  density  of  surface  states  at  or  near  the  diamond/Si02  interface. 
The  geometry  of  the  FET  is  such  that  the  source  to  gate  resistance  is  on  the  order  of 
2  X  10^  n.  This  resistance  would  decrease  the  transconductance  of  the  device  by  a  fac¬ 
tor  of  about  2. 

The  diamond  material  used  for  the  transistor  channel  had  a  resistivity  of  12  D-cm. 
The  specific  contact  resistance  of  the  titanium  contacts  on  this  material  were  measured 
using  a  transmission  line  model  test  structure.  The  specific  contact  resistance  is  0.09 
n-cm^.  Titanium  contacts  were  also  fabricated  on  heavily  boron  doped  material  with  a 
resistivity  of  0.08  (l-cm.  These  contacts  exhibited  a  specific  contact  resistance  of 
1.4  X  10~^  0— cm^.  Such  layers  could  be  used  for  contact  layers  to  reduce  parasitic 
resistances  in  the  source  and  drain  using  an  additional  selective  diamond  deposition 
step. 


The  Li/B  doped  diamond  IGFET  source  drain  I-V  characteristics  are  shown  in  Fig¬ 
ure  5.  This  device  exhibited  much  better  saturation  behavior  than  the  boron  doped 
device.  This  device  has  a  more  lightly  doped  channel  than  the  boron  doped  device  as 
evidenced  by  the  lower  saturation  current.  This  device  showed  both  depletion  and 
enhancement  behavior.  However  it  is  not  clear  whether  this  enhanced  current  is  due  to 
accumulation  of  a  conducting  layer  at  the  surface  or  just  un-depleting  of  the  channel.  It 
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is  likely  that,  since  the  doping  level  is  approximately  2  orders  of  magnitude  lower  in  this 
device  than  the  first  device,  the  channel  is  nearly  fully  depleted  at  0.0  V  gate  bias.  The 
device  has  a  substantial  leakage  current.  Comparison  of  this  leakage  current  level  with 
the  leakage  between  isolated  devicep  indicated  that  the  current  is  principally  substrate 
current. 


Conclusionn 

In  situ  B  and  Li  doping  of  diamond  has  been  carried  out  using  a  B2H5  gas  source 
and  a  LiF  solid  source  in  a  low  pressure  rf  diamond  deposition  process.  The  B  was 
found  to  be  p-type  with  an  activation  energy  of  0.24  eV.  The  Li  was  judged  to  be 
electrically  inactive  in  the  material  evaluated  here.  The  activation  energy  of  the  con¬ 
ductivity  along  with  SIMS  data  on  impurity  levels  indicated  that  the  conduction  is 
probably  due  to  unintentionally  incorporated  B  in  the  film.  The  Li  appeared  to  have 
some  benericial  effects  on  the  electrical  properties  of  the  the  doped  diamond  Aims.  This 
effect  requires  further  study.  Working  IGFET  devices  were  fabricated  using  the  B 
doped  material  and  the  Li/unintentional  B  doped  material.  A  maximum  transconduc¬ 
tance  of  38  itS/mm  was  measured  for  the  B  doped  device.  Improvements  in  device  per¬ 
formance  could  be  achieved  through  reducing. the  source  drain  parasitic  resistances  and 
by  improving  the  diamond/SiO]  interfacial  characteristics. 
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Figure  1  Carrier  concentration  vs.  reciprocal  temperature  for  a 

boron-doped  homoepitaxial  film.  The  material  is  p-type. 
Hall  mobilities  are  listed. 
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Figure  2  Carrier  concentration  vs.  reciprocal  temperature  for  a  heavily  Li 
doped  homoepitaxial  film.  The  material  is  p-type,  probably  due 
to  boron  contamination.  Hall  mobilities  are  listed. 
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Figure  3  Carrier  concentration  vs.,  reciprocal  temperature  for  a  lightly  Li 
doped  homoepitaxial  film.  Note  the  improved  Hall  mobilities. 
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Abstract:  The  performance  of  the  diamond  power 
pin  diodes  Is  studied  by  using  the  2D  device 
simulator  SCORPIO.  A  comparison  Is  made 
between  the  electrical  properties  of  Si  and 
diamond  diodes  In  a  wide  temperature  range. 
The  results  show,  that  the  diamond  devices  may 
be  operational  even  at  900  K.  Further,  the 
breakdown  voltages  In  excess  of  10  kV  and  high 
current  density  operations  are  possible  in 
diamond.  However,  due  to  the  large  energy  gap 
the  on  state  losses  are  In  the  diamond  diodes 
larger  than  In  the  silicon  diodes. 


INTRODUCTION 

Today  practically  all  the  power  semiconductor  devices  are 
made  of  silicon.  The  rapid  development  of  the  silicon 
technology  has  also  affected  the  semiconductor  power 
devices  in  such  a  way,  that  some  of  the  device  structures 
are  now  approaching  their  ideal  performance,  which  Is 
achievable  In  silicon  (1).  This  does  not  necessarily  hold 
tirue  for  all  the  device  structures  in  all  the  voltage 
classes,  but  In  any  case  the  research  of  the 
semiconductor  materials,  which  could  replace  silicon,  has 
by  now  been  active  for  several  years  (2) .  The 
semiconductors  with  the  wide  forbidden  energy  bandgap 
such  as  silicon  capblde  and  diamond  have  been  anticipated 
to  be  excellent  candidates  for  the  replacement  material 
of  silicon  because  of  their  high  speed,  high  temperature 
and  high  power  properties.  Several  articles  have  recently 
emphasized  the  superiority  of  the  material  figures  of 
merit  calculated  for  SlC  and  diamond  as  compared  to  those 
of  silicon  (3,4,5).  However,  in  the  calculations  of  the 
figures  of  merit  typically  a  few  of  the  numerous  material 
parameters  are  needed,  only.  In  the  real  devices 
practically  all  the  material  parameters  affect  the 
performance,  and.  In  addition,  the  depences  of  the 
parameters  on  the  dopant  concentrations,  electrical 
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fields  and  tenpsraturs  have  to  ba  taken  into  account. 
Consecpiently,  it  is  not  in  advance  self-evident,  that  all 
the  device  structures  made  of  Sic  or  diamond  will  be 
superior  to  equivalent  silicon  devices  in  all  of  the 
various  operating  conditions. 

In  this  article  we  report  simulated  results  on  the 
electrical  performance  of  the  diamond  power  pin  diodes  in 
a  wide  temperature  range.  These  results  are  compared  with 
results  obtained  for  the  equivalent  silicon  structures. 
The  simulations  are  made  for  both  the  forward  and  reverse 
bias  in  the  dc  terminal  conditions.  This  work  is  a  part 
of  the  larger  research  project,  which  is  aimed  to  study 
the  performance  of  the  semiconductor  power  devices  made 
of  Sic  and  dleunond.  In  addition  to  the  pin  diode  the 
device  structures  of  Interest  include  at  least  Schottky 
diodes  and  vertical  JFET  devices  (SIT) .  In  the  first 
phase  of  the  research  we  rely  on  the  methods  of  the 
numerical  simulations  of  the  device  physics,  which  are 
well  established  with  the  silicon  structures.  Since  the 
material  parameters  of  diamond  and  Sic  greatly  differ 
from  those  of  silicon,  this  work  is  at  the  same  time  a 
direct  test  of  the  applicidjility  of  the  familiar  device 
simulation  codes,  which  work  satisfactorily  with  the 
silicon  devices,  to  the  wide  bandgap  materials. 


SIMULATION  AND  PHYSICAL  MODELS 

In  addition  to  the  figures  of  merit  the  electrical 
performance  of  the  devices  made  of  the  wide  bandgap 
materials  has  been  theoretically  estimated  so  far  in  one 
publication,  only  (3).  In  Ref.  (3)  the  temperature 
dependence  of  the  electrical  response  of  the  Schottky  and 
abrupt  junction  diodes  has  been  calculated  by  using  the 
well  known  analytical  expressions.  In  our  case  the 
calculations  of  the  electrical  properties  of  devices  were 
made  with  the  2D  device  simulator  SCORPIO  (6) . 

SCORPIO  solves  the  Poisson  equation  and  the  drift 
diffusion  current  continuity  equations  for  the  electrons 
and  holes  (7) .  In  these  equations  tne  difference  between 
the  materials  are  contained  in  the  physical  model 
functions,  which  describe  the  mobility,  diffuslvity  and 
generation  and  recombination  properties  of  the  charge 
carriers.  The  model  functions  in  turn  depend  on  the 
charge  carrier  concentrations  and  electric  field,  thus 
making  the  set  of  the  differential  equations  to  be  solved 
highly  non  linear.  The  dielectric  constant  is  contained 
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in  tha  Poisson  equation  and  is  generally  taken  to  be 
constant . 

Our  model  functions  for  the  mobility  of  the  electrons  and 
holes  Include  the  influence  of  the  temperature,  doping 
and  carrier  densities  and  electric  field  with  the 
saturation  of  the  carrier  velocity  at  high  fields  (7,8). 
Consequently,  we  write 

^  -  ^o(T/To)”'(l+{^oE/Vs)P)"VP,  (1) 

where 

\^o  -  ^4nin+(^‘Inax+^min)  (l+CNi/Nref)’')"^  (2) 

Nt  -  0.34(NA+ND)+0.66(p+n) .  (3) 

Here  T  is  the  absolute  temperature,  E  the  absolute  value 
of  the  electric  field  and  Vs  the  saturation  velocity  and 
To“300K.  Further,'  Nq,  p  and  n  are  the  acceptor, 

donor,  hole  and  electron  concentrations.  The  other 
parameters  in  Eqs.  (1)...(3)  depend  on  the  material  and 
are  given  in  Table  I.  In  our  case  the  diffusion  constants 
are  related  to  the  mobilities  with  the  Einstein  relation. 

In  the  generation  and  recombination  model  we  include  the 
Shockley  Read  Hall,  Auger  and  impact  ionization 


mechanisms .  Thus 

■  ®SHR  +  RaU  %I'  (4) 

where 

Rshr  *  (pn-ni2)/(Xp(n+ni)+tn(p+ni))  (5) 

« 

Rau  “  (PCp+nCn) (pn-ni2)  (6) 

Rll  -  (apJp+anJn)/e.  (7) 

e  is  the  elementary  charge  and  Jn  (Jp)  is  the  absolute 
value  the  electron  (hole)  current.  Moreover 

«n,p  -  An,pexp(-En,p/E).  (8) 


Finally,  the  temperature  dependence  of  the  intrinsic 
carrier  density  is  modeled  with  the  expression 
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ni(T)  -  ni(To){T/To)V2exp(-Eg/2kBT+Eg/2kBTo),  (9) 

where  kB  is  the  Boltzmann  constant  and  Eg  the  forbidden 
energy  gap.  The  analytical  form  of  the  model  functions 
and  the  values  of  the  model  parameters  depend  on  the 
reference  used.  Of  course,  here  the  user  has  to  make  a 
trade  off  between  the  simplicity  and  the  limits  of  the 
validity  of  the  model. 


TABLE  I  silicon  diamond 


^ax,n 

(cm2/Vs) 

1360 

2000 

^‘max,n 

(cm^/Vs) 

495 

1800 

Mmin.n 

(cm2/vs) 

92 

250 

^4nin,p 

(cm^/vs) 

48 

200 

1.3*10i7 

E89II 

1.7*10i7 

like  Si 

^s,n 

(cm/s) 

107 

2.7*10^ 

Vs,p 

(cra/s) 

2.5*1o'7 

Pn 

1.18 

like  Si 

Pp 

1.21 

like  Si 

m 

2.42 

2.5 

^n 

0.91 

like  Si 

0.76 

er 

11.8 

5.5 

(s) 

4*10"5 

10-9 

(s) 

10-9 

(cm®/s) 

10-31 

like  Si 

Cn 

(cmVs) 

7*10-32 

like  Si 

^n 

(1/cm) 

106 

106 

Ap 

(1/cm) 

1.5*106 

106 

En 

(V/cm) 

1.4*106 

5.7*10'7 

_Ep 

(V/cm) 

1.8*106 

5*10'7 

ni(To) 

(cm~3) 

1.4*10l0 

CM 

M 

1 

0 

(eV) 

1.12 

5.45 

In  our  case  the  models  are  relatively  general  and  can  ex*’ 
press  most  of  the  usual  physical  depences.  One  missing 


thing  is  ths  doping  dspsndsnce  of  SHR-recombinatlon 
pattuBsters,  which  is  usually  taken  into  account. 

Table  I  lists  the  parameters  of  Egs.  (1)...(9)  for 
silicon  and  diamond.  As  is  clear  from  Table  I,  all  the 
parameters  for  diamond  are  not  available  from  the 
literature,  and  in  these  cases  we  have  to  rely  on  the 
structural  similarity  of  silicon  and  diamond.  As  to  the 
SHR  parameters  the  values  of  tn  and  Xp  are  exceptionally 
small  for  diamond.  In  diamond  the  forbidden  energy  gap 
between  the  conduction  and  valence  bands  is  indirect  (9) , 
and,  thus  it  should  be  possible  to  achieve  values,  which 
are  closer  to  those  of  silicon.  In  principle  the  model 
functions  describe  very  complicated  physical  phenomena, 
and  it  is  no  wonder,  that  coiunonly  accepted  parameter 
values  exist  only  for  the  very  extensively  studied 
materials  such  as  silicon. 


RESULTS  AND  DISCUSSION 

The  simulations  were  carried  out  on  the  silicon  and 
diamond  pin  structures  at  the  temperatures  from  300  K  up 
to  900  K.  For  simplicity  the  structures  were  taken  to  be 
strictly  one  dlmerslonal.  The  length  of  ths  structure  was 
chosen  to  be  45  ^m,  but  a  few  results  were  also 
calculated  for  a  diamond  diode  with  the  length  of  4.5  ^m. 
Further,  the  donor  concentration  in  the  lightly  doped 
central  region  is  10^^  cm”^.  so,  in  our  case  the  lightly 
doped  region  is  n-type  also  in  diamond,  although  in 
practise  the  diamond  films  tend  to  be  p-type.  With  these 
dimensions  and  dopings  the  breakdown  voltage  of  the 
silicon  diode  should  in  the  ideal  case  be  around  800 
V...900  V,  and,  thus,  with  the  long  SHR  recombination 
time  (20  ^s)  it  would  represent  e.g.  a  power  rectifier 
diode.  The  doping  profiles  of  the  heavily  doped  n-  and  p- 
type  contact  regions  were  first  calculated  using  the 
Monte  Carlo  simulator  TRIM,  which  can  estimate  the  ion 
Implantation  profiles  of  the  dopant  atoms  in  several 
substrates.  He  have  boron  and  phosphorus  as  the  dopants. 
These  profiles  were  then  fitted  to  the  gaussian  functions 
and  put  in  SCORPIO.  Since  the  diffusion  of  the  impurity 
atoms  were  not  considered,  the  depths  of  the  two  contact 
regions  remain  approximately  at  350  nm  and  the  maximum 
concentration  is  roughly  10^^  cm”3  in  both  contacts. 

The  calculated  breakdown  voltage  in  the  45  ^m  silicon 
diode  is  800  V,  and  this  value  is  in  good  agreement  with 
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the  text  book  rules  of  thumb  for  the  breakdown 
calculations.  The  corresponding  value  in  the  45  ^m 
diamond  diode  is  14100  V,  and  thus  the  value  for  diamond 
is  17.6  times  higher  than  the  value  in  silicon.  In  our 
case  the  breakdown  voltages  remain  Independent  of  the 
temperature,  because  no  temperature  effects  were  included 
in  Eg.  (8) ,  and  most  of  the  breakdown  calculations  were 
for  simplicity  made  using  the  avalanche  integral  (8,10). 
At  300  K  the  agreement  of  the  avalanche  Integral  with  the 
sudden  increase  of  the  reverse  current  at  the  breakdown 
voltage  was  confirmed,  only.  In  fact  the  breakdown 
voltage  should  increase  with  increasing  temperature  (10), 
and  thus  the  room  temperature  value  is  the  worst  case 
estimate  in  the  power  applications. 

In  the  planar  silicon  technology  the  breakdown  voltages 
of  the  devices  is  often  controlled  with  the  diffused 
field  rings  (8).  Typically,  the  deeper  the  diffusion  the 
easier  is  the  field  ring  design,  whereas  the  blocking  of 
high  voltages  with  shallow  diffusions  may  propose  a  very 
demanding  design  problem.  Thus  it  may  partly  depend  on 
the  diffusion  properties  of  the  electrically  active 
impurity  atoms,  whether  the  material  advantage  in  the 
electric  breakdown  offered  by  diamond  can  be  fully 
utilized  in  the  real  devices. 

Fig.l  shows  the  reverse  current  densities  as  a  functions 
of  the  reverse  voltage  in  the  45  Jim  silicon  and  diamond 
diodes  at  several  temperatures.  At  700  K  and  900  K  the 
leakege  currents  in  the  Si  diodes  are  very  high.  Further, 
the  minor  dependence  on  the  applied  voltage  at  high 
temperatures  indicates  the  dominant  role  of  the  diffusion 
current  over  the  generation  current  in  Si  (11) .  Usually 
in  the  silicon  power  devices  the  leakage  currents  are 
considered  to  be  at  the  acceptably  low  level  at  150  C 
(423  K) .  From  Fig.l  it  is  seen,  that  the  leakage  current 
in  the  diamond  diode  at  900  K  is  the  same  as  the  leakage 
current  in  the  Si  diode  at  400  K.  This  gives  a  hint,  that 
as  far  as  the  leakage  is  considered  the  diamond  devices 
may  be  a  working  solution  even  at  900  K.  One  should  note, 
that  in  Fig.l  the  recombination  lifetime  for  diamond  (1 
ns)  is  much  shorter  than  that  in  Si  (20  Jis) .  Were  we 
comparing  the  devices  with  the  equal  lifetimes,  the 
advantage  of  diamond  would  be  even  clearer. 

In  Fig.  2  we  have  the  forward  current  densities  for  the 
same  structures  and  temperatures  as  in  Fig.l.  The  curves 
for  silicon  show  the  normal  temperature  dependence  of  the 
leakage  current  and  the  saturation  of  the  forward 
current,  when  the  applied  forward  voltage  becomes 
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comparable  with  the  energy  gap  (10).  This  is  quite 
simil&r  to  the  situation  in  the  signal  diodes,  although 
the  temperature  dependence  in  the  pin  structres  is  a  bit 
more  complicated.  In  the  diamond  diode  the  curves  show 
qualitatively  similar  behaviour  as  in  silicon,  but  the 
forward  current  capability  remains  much  smaller  than  in 
Si.  This  is  due  to  the  large  band  gap  and  short 
recombination  time  or  diffusion  length  of  diamond.  These 
facts  are  further  illustrated  in  Fig- 3,  where  we  have 
the  electron  concentrations  in  the  silicon  and  diamond 
diodes  at  300  K  and  at  equal  current  densities.  In  both 
cases  the  electron  concentration  is  high  in  the  n-type 
contact  region  near  the  origin  and  vanishes  in  the  p-type 
anode  on  the  right.  The  Si  device  is  in  the  high 
Injection  mode  and  the  excess  carrier  density  is 
practically  flat  throughout  the  structure.  On  the  other 
hand  in  the  diamond  diode  slight  modulation  over  the 
background  density  is  seen  near  the  pn~  juntlon,  only. 
However,  if  the  recombination  lifetime  is  increased  from 
1  ns  to  100  ns,  the  diamond  diode  operates  in  the  high 
injection,  too.  This  is  shown  in  the  uppermost  curve  in 
Fig. 3.  Fig. 4  indicates,  that  the  Increase  in  the 
recombination  time  significantly  increases  the  forward 
current  density  and  the  comparison  with  Fig. 2  gives  a 
preliminary  result,  that  the  diamond  diode  is  capable  of 
operating  at  higher  current  densities  than  the  Si  diode. 
However,  the  large  bandgap  of  diamond  still  It; ads  to  the 
higher  on  state  voltage.  In  Fig. 5  the  diamond  diode  is 
also  capable  of  the  higher  current  operation,  when  we  are 
comparing  the  devices,  which  are  almost  in  the  same 
voltage  class. 
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DIAMOND  CXXJ)  CATHODES 

M.  W.  Geis,  N.  N.  Efremow,  J.  D.  Woodhouse,  and  M.  D.  McAleese 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173-9108 

Robust,  high-cunent-density  (>  1000  A  cnr^)  cathodes  would  have  wide 
applications  if  such  devices  could  be  made.  Most  cathodes  are  composed  of  very  reactive 
materials  that  cannot  withstand  exposure  to  air  (xr  water.  However,  there  is  a  class  of 
wide-bandgap  (>  5  eV)  materials,  including  NaQ,  MgO,  Si02>  and  diamond,  that  have 
their  conduction  band  within  1  eV  of  the  vacuum  energy  level,  even  in  the  presence  of  O2 
and  H2O.  Most  of  these  materials  are  insulators  because  of  low  charge-canier 
concentrations,  low  mobilities,  and  high  trap  densities,  and  they  are  therefore  unacceptable 
for  high  current  density  cathodes.  However,  diamond  can  be  doped  either  n-  or  p-type 
and  grown  with  sufficient  quality  to  have  low  trap  densities  and  high  carrier  mobilities, 
making  it  a  semiconductor  instead  of  an  insulatrar.  Here,  we  rq>oit  on  dianoond  cold 
cathodes,  which  we  believe  are  the  result  of  diamond's  negative  electron  affinity.* 

The  diamond  cold  cathodes  are  produced  by  forming  diodes  in  p-type, 
semiconducting  diamond  using  carbon  ion  inqrlantadon  into  heated  (320°C)  substrates,  as 
described  by  Prins.^  After  implantation,  die  substrates  are  coated  with  1  pm  of  electron- 
beam-evaporated  Al,  which  is  patterned  into  60  x  60'/tm  squares  on  100-pm  centers  using 
standard  photolithography.  The  substrates  are  then  etched  to  a  depth  of  1 . 1  pm  with  ion- 
beam-assisted  etching.  The  Ai  squares  are  used  as  a  mask  to  form  mesa  structures 
consisting  of  Al,  carbon-implanted  diamond,  and  substrate,  as  shown  in  Fig.  1. 

Emitted  current  densities  as  high  as  10  A  cm'^  with  emission  efficiencies  (emitted 
current  divided  by  diode  current)  of  >  lO*^  were  easily  obtained  when  passing  current 
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through  these  diodes.  Figures  2  and  3  show  the  anode  current  as  a  function  of  anode 
voltage  and  as  a  function  of  diode  current,  respectively.  The  cathodes  are  not  affected  by 
cleaning  in  an  oxygen  plasma,  water,  or  acetone.  The  presence  of  oxygen  in  the  vacuum 
chamber  at  a  pressure  of  ~  lO*^  Torr  was  found  to  increase  the  emission  efficiency  during 
cathode  operation,  as  shown  in  Fig.  4,  but  hydrogen  had  little  effect  at  the  same  pressure. 

These  are  the  most  robust  cold  cathodes  reported  to  date.  Although  the  emission 
efficiencies  are  low,  they  are  the  highest  for  any  non-cesium-coated  cathode,^  and  with 
different  geometries  both  current  density  and  emission  efficiency  are  expected  to  increase. 
Acknowledgment 

This  work  was  supported  by  SDIO/OST  through  the  Office  of  Naval  Research. 

References 

1 .  M.W.  Geis,  N.W.  Efremow,  J.D.  Woodhouse,  M.D.  McAleese,  M.  Marchywka, 
D.G.  Socker,  and  J.F.  Hochedez,  to  be  published  in  IEEE  Electron  Device  Lett. 

2.  J.  F.  Prins,  Appl.  Phys.  Utt.  15, 950  (1982). 

3.,  J.  Y.  Ea,  B.  Lalevic,  D.  Zhu,  Y.  Lu,  and  R.  J.  Zeto,  IEEE  Electron  Device  Lett. 

11,  403  (1990). 


540 


CARBON 
IMPLANTED 
DIAMOND 


ANODE 


Fig.  1  Schematic  drawing  of  a  diamond  cold  cathode.  The 
di^e  current  (Id)  was  varied  from  0. 1  to  1 0  mA  with  a  bias 
voltage  (Vd)  of  -60  to  -150  V.  The  anode  voltage  (Va)  was 

usually  100  V,  and  the  anode  current  (Ia)  varied  from  1  x 
10-13  to  5x10-7  A. 
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Fig.  2  Anode  current  (Ia)  as  a  function  of  anode  voltage 
(V a)  for  a  diode  current  (Id)  of  1  mA. 
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Bg.  4  Anode  current  (Ia)  as  a  function  of  dme  for  diode 
current  Ip  =  10  mA.  At  200  s  the  pressure  in  the  vacuum 
probing  system  was  changed  from  to  10-2  Torr  of  O2. 
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ABSTRACT 

The  electrical  characteristics  of  an  AIAindoped/B-doped  polyciystalline 
diamond  structure  have  been  investigated.  B-dop^  diamond  Elms 
containing  various  B  to  C  ratios  were  debited  on  (1 1 1)  oriented  B-doped 
Si  substrates  by  a  microwave  plasma  chemical  vapor  deposition.  For  gas 
phase  B  to  C  ratios  of  40  ppm  and  below,  the  resistance  of  the  B-do^ 
diamond  Elms  increased  from  2  to  7  orders  of  magnitude  after  an  anneal^g 
treatment  at  525  ‘C.  Such  a  large  change  in  a  resistance  after  an  annealing 
treatment  has  been  attributed  to  the  dissociation  of  hydrogen  from  diamond 
films.  Undoped  diamond  layers  were  deposited  for  60  min  in  a  second 
growth  chamber.  The  existence  of  a  bilayer  structure  was  conErmed  by 
secondary  ion  mass  specttoscqry.  For  the  nhn  widi  a  gas  phase  B  to  C  ratio 
of  400  ppm,  significant  improvements  in  the  rectifying  characteristics  could 
be  obtamed  with  the  insertion  of  an  undoped  diamond  layer. 


INTRCM3UCTION 

Diamond  has  a  number  of  attractive  characteristics  including  mechanical  strength, 
high  thermal  conducdvi^,  optical  transparency,  and  various  electrical  propertiesfl).  With 
regard  to  electronic  implications,  diamond  is  expwted  to  be  suitable  for  electronic  devices 
to  be  operated  under  hostile  conditions  such  as  high  temperature  and  high  radiation,  or  at 
hi^  E^uencies.  This  is  due  to  its  wide  bandgap(5.5  e''^,  high  breakdown  voltage(10‘‘- 
1(P  V/cm),  and  low  dielectric  constant(^=5.68).  There  has  liMn  an  increased  interest  in 
using  diamond  for  electronic  devices  since  the  success  in  producing  diamond  thin  Elms 
by  a  Qiemical  Vapw  Deposition  (CVD)  technique(2).  Recently,  several  ^ups  have 
reported  active  devices  such  as  a  Field  EEect  Transistors(F^  fabricated  from 
homoepitaxial  diamond  Elms(3,4).  However,  in  the  case  of  homoepitaxial  diamond 
Elms,  a  single  crystal  diamond  substrate  is  required,  and  the  active  device  area  is  limited 
to  less  than  a  square  centinwter  due  to  its  cost  and  size.  Despite  recent  successes  in 
heteroepitaxial  ^wth  of  diamond  Elms  on  c-BN  and  single  crystal  Ni  substrates,  more 
efforts  wEl  still  be  required  to  use  these  systems  for  the  fabrication  of  electronic 
devices(5,6).  On  the  other  hand,  it  is  possible  to  deposit  polyciystalline  ttiamond  Elms  on 
large  areas,  such  as  a  4”  Si  substrate,  by  using  a  microwave  plasma  CVD  fflethod(7).  The 


pssibility  of  using  polycrystalline  diamond  films  for  electronic  devices  should  be 
mvestigaM  along  wim  improving  the  overall  crystal  quality  and  examining  critical  issues 
such  as  carrier  scattering  at  grain  boundaries  and  surface  roughness.  Here,  the 
improvement  of  rectifying  characteristics  using  an  Al/undoped/B-doped  polycrystalline 
diamond  metai-insulator-semiconductor  (MIS)  structure  is  report^  and  die  thermal 
instability  of  the  polycrystalline  B-doped  diamcmd  films  is  also  discussed. 


EXPERIMENTAL 

A  schematic  diagram  of  the  AlAindoped  diamond/B-doped  diamond  structure  is 
shown  in  Hg.  1.  P-type  (1 1  l)-<Miented  B-doped  Si  substrates  with  a  resistivity  of  less 
than  1  fl«cm  were  us^.  Prior  to  deposition,  2()mm  x  10mm  substrates  were  polished 
with  0.25  |iin  diamond  paste  for  1  nour  in  mder  to  increase  the  diamond  nucleation 
density.  A  microwave  plasma  CVD  system,  similar  to  that  described  in  Ref.  (8),  was 
used  for  the  prepmtion  of  B-doped  and  undoped  diamond  films.  The  arrangement  of  the 
reactor  used  in  &is  work  diBers  in  that  a  vertical  configuration  was  employe  rather  than 
the  horizontal  chamber  described  in  Ref  (8).  At  first,  several  B-doped  diamond  films  with 
different  B  to  C(B/Q  ratios  in  gas  phase  were  deposited  on  the  Si  substrates  using  Ql4> 
diluted  in  H2  to  0.5%  as  a  source  gas,  and  B2H6  as  the  dopant  gas.  During  deposition, 
the  total  gas  pressure  and  substrate  temperature  were  maintained  at  35  Torr  and  800  °C, 
respectively.  B-dop^  diamond  films  were  deposited  for  7  hr  and  the  film  thickness 
obtained  was  approximately  1.0  -1.1  lun.  The  B/C  ratios  in  the  reaction  gas  were  4, 20, 
40,  200,  and  ^  ppm.  After  preparation,  the  samples  were  diced  into  5mm  x  5mm 
sections,  and  then  cleaned  in  H2SO4  at  80  for  10  min,  followed  by  a  standard  RCA 
cleaning  technique(9).  After  the  RCA  cleaning,  samples  were  dehydratra  on  a  hot  plate  at 
120  °C  for  5  min.  The  atomic  B  concentrations  of  these  films  were  determined  by 
Secondary  Ion  Mass  Spectroscopy(SIMS).  Oxygen  ions(15  keV)  were  used  as  primary 
ions  and  B'*'  ions  were  detected.  A  B-implanted(150  keV,  1x10^^  cm-^)  type  la  single 
crystal  diamond  standard  was  used  to  calibrate  the  atomic  B  concentration.  Also, 
resistance  as  a  function  of  temperature(25  °C-525  °C)  was  investigated  using  a  point 
probe  method.  Undoped  diamond  layers  were  deposit^]  fra*  60  min  on  B-doped  diamond 
films  in  a  second  growth  chamber  in  the  absence  of  B2H6.  Other  than  the  preparation  time 
and  the  addition  of  0.1%  oxygen  to  the  reaction  gas,  the  growth  conditions  of  undoped 
diamond  layers  were  the  same  as  those  of  B-dop^  diamond  layers.  As  will  be  reported 
elsewhere,  the  introduction  of  oxygen  in  the  gas  phase  dramatically  reduces  the  B 
inccnporation  in  the  grown  film.  The  undoped  layer  was  grown  in  the  ^sence  of  O2  to 
minimize  auto-doping  effects.  Aluminium,  2000  A-thick,  was  deposited  on  the  diamond 
films  using  an  electron  beam  evaporation  technique.  During  evaporation,  the  chamber 
pressure  was  maintained  below  5x10-'^  Torr.  Circular  dots  with  1()0  pm  diameters  were 
patterned  photolitho^phically  on  the  A1  and  this  mask  was  then  used  to  etch  the 
unwanted  metal  by  using  an  A1  etchant  solution.  Ohmic  contacts  were  formed  on  the  back 
side  of  the  Si  substrate  using  silver  paste. 


RESULTS  &  DISCUSSIONS 

The  depth  profile  of  the  atomic  B  concentration  for  the  films  with  various  B/C 
ratios  is  shown  in  Fig.  2.  Note  that  the  atomic  B  concentration  is  quite  uniform  with 
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respect  to  depth,  and  increases  with  increasing  B/C  ratio.  The  variations  in  the  atomic  B 
concentration  at  a  depth  of  1  pm  are  due  to  the  interface  between  the  diamond  film  and  Si 
substrate.  The  resistance  vs.  temperature  characteristics  of  B-doped  diamond  tilms  were 
measured  by  using  tungsten  point  probes  and  a  hot  stage  in  air.  A  series  of  tempo-ature 
cycling  was  investigated,  and  the  resistance  vs.  reciprocal  temperature  characteristics  of  a 
B-dop^  diamond  film  with  a  B/C  ratio  of  4  ppm  is  plotted  in  Fig.  3.  In  general,  the 
samples  were  maintained  at  the  measured  tempmture  for  5  min  prior  to  the  resistance 
measurenwnts.  At  first,  the  resistance  of  this  film  was  measured  during  heating  to  a 
maximum  temperature,  2S0  °C,  and  subsequently  cooling  to  room  temperature.  The 
resistance  of  the  film  increased  by  an  Oder  of  magnitude  due  to  this  heat  treatment  at  2S0 
°C.  Subsequently,  the  sample  was  heated  to  350  °C,  and  then  cooled  down  to  room 
temperature.  At  this  time,  the  resistance  of  this  film  increased  by  5  orders  of  magnitude  as 
compared  to  that  of  the  as-grown  tilm.  However,  the  resistance  of  this  film  decreased  by 
more  than  3  orders  of  magnitude  after  this  film  was  kept  at  room  temi^rature  for  12 
hours.  It  is  not  clear  what  mechanism  caused  this  decrease  in  resistivity,  but  this 
phenomenon  has  been  reported  previously  by  Totterdell  et  al(lO).  Finally  the  same 
measurements  were  performed  with  heating  to  a  maximum  temperature  of  525  °C.  As  a 
result,  the  resistance  Increased  by  at  least  6  ^ers  of  magnitude  as  compared  to  that  of  the 
as-grown  film,  and  remained  constant  over  time.  This  indicates  that  the  resistance  of  B- 
doped  diamond  films  can  be  stabilized  by  a  heat  treatment  at  525  °C.  It  should  be  noted 
that  the  downturn  of  the  plotted  resistance  in  Fig.  3  for  the  cool  down  cycle  is  an  artifact 
and  is  due  to  an  instrument  limitation  of  SxlO^^  O.  The  calculated  activation  energy,  Ea. 
of  the  heat-treated  film  was  in  excess  of  1.0  eV.  This  indicates  that  the  conductivity  of  the 
diamond  film  is  due  to  defects  or  other  impurities,  since  the  activation  energy  that  has 
been  reported  for  lightly  B-doped  diamond  is  approximately  0.37  eV(l).  The  atomic  B 
concentration  of  the  same  film  was  determined  to  be  5x10*'^  cm-^  by  SIMS.  In 
comparison  to  a  525  °C-annealed  undoped  diamond  film,  however,  this  film  was  equally 
as  resistive  and  exhibited  a  similar  activation  energy.  The  resistance  before  and  after  heat 
treatment  at  525  °C  vs.  B/C  ratio  is  summarized  in  Fig.  4.  For  B/C  ratios  of  200  ppm  and 
above,  a  heat  treatment  does  not  change  the  resistance  of  the  B-doped  diamond  films.  On 
the  other  hand,  for  B/C  ratios  of  40  ppm  and  below,  the  resistance  increased  by  2  to  6 
orders  of  magnitude  after  a  heat  treatment  at  525  °C.  In  summary,  the  resistance  of  B- 
doped  diamond  films,  as  deposited,  were  thermally  stable  for  B/C  ratios  of  200  ppm  and 
above,  corresponding  to  an  atomic  B  concentration  of  3-4x10**  cm'*  as  determined  by 
SIMS. 

Several  researchers  have  already  reported  the  drastic  increase  in  resistivity  after  a 
heat  treatment  in  the  case  of  CVD  undoped  diamond  films  and  lightly  B-doped  diamond 
films(ll-15).  According  to  their  explanations(12),  an  anneal  treatment  causes  the 
evolution  of  hydrogen  from  diamond  films,  and  as  a  result,  defects,  which  had  been 
passivated  by  hydrogen,  are  reactivated  and  carriers  are  trapp^  by  these  defects.  If  it  is 
possible  to  apply  these  explanations  to  the  results,  the  following  speculation  is  possible. 
Since  the  defect  density  after  a  heat  treatment  at  525  ^C  is  larger  than  or  equal  to  the 
carrier  concentration  due  to  B  for  B/C  ratios  of  40  ppm  and  below,  the  carrier 
concentration,  and  thus  the  conductivity,  dramatically  decreases  due  to  compensating 
defats.  For  B/C  ratios  of  200  ppm  and  above,  the  com^nsating  trap  density  is  below  the 
carrier  density  resulting  from  the  B  impurities.  Thus,  the  resistance  remains  constant 
irrespective  of  a  heat  treatment.  According  to  the  SIMS  results,  the  atomic  B 
concentration  of  the  films  with  a  B/C  ratio  of  200  ppm  is  less  than  twice  that  of  the  film 
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with  a  ratio  of  40  ppm.  Although  the  activation  of  B  impurities  may  change  in  this 
re^me,  this  variation  cannot  account  for  over  two  orders  of  magnitude  increase  in  the 
resistance  of  the  annealed  sample.  After  heat  treatment,  the  ioniz^  carriers  must  exceed 
the  trq>  density  in  order  to  contribute  to  die  contribute  to  conductivity. 

Thin,  undoped  diamond  layers  were  deposited  for  60  min  on  B-doped  diamond 
Blffis  with  a  B/C  ratio  of  400  ppm  in  a  second  growth  chamber.  In  order  to  conOrm  a 
bilayer  structure  in  terms  of  atomic  B  concentration,  SIMS  measurements  were 
performed.  The  atomic  B  concentration  depth  proBle  of  this  bilayer  structure  is  shown  in 
Hg.  S.  Note  that  there  is  an  approximately  2S00  A-thick  undopcd  diamond  surface  layer 
with  an  atomic  B  concentration  less  than  10>‘^  cm*^.  As  a  result,  the  atomic  B 
concentration  of  the  undqied  diamond  layer  is  more  than  2  orden  of  magnitude  less  than 
that  of  the  underlying  B-doped  diamond  film. 

To  obtain  current-voltage  (I-V)  characteristics  of  the  MIS  structure,  a  Hewlett 
Packard  Co.  414SB  Semiconductor  Parameter  Analyser  was  used.  Typical  I-V 
characteristics  of  an  A1  Metal/Semiconductor  (MS)  contact  and  a  MIS  contact  are  shown 
in  Fig.  6.  Both  measurements  were  performed  prior  to  any  anneal  treatment.  Poor 
rectification  was  observed  for  the  MS  structure  without  an  undoped  diamond  layer.  The 
rectincation  ratio  (If/Ir)  at  5  V  was  around  3.  However,  the  rectifying  characteristic  was 
dramatically  improved  with  the  addition  of  the  undoped  diamond  layer  between  the  metal 
electrode  and  B-doped  diamond  films.  The  reverse  leakage  current  at  5  V  was  several 
micro-amperes,  and  the  rectification  ratio  at  S  V  was  more  than  10^.  This  result  obtained 
here  is  similar  to  that  observed  for  the  case  of  homoepitaxial  diamond  films(3). 

Reverse  leakage  current  decreased  and  the  breakdown  voltage  increased  with  the 
aMdon  of  an  undop^  diamond  layer  between  the  A1  metal  elective  and  the  B-doped 
diamond  films.  The  barrier  height  of  a  Schottky  diode,  0bp>  is  generally  determined  by 
the  metal  work  function,  0m,  the  semiconductor  electron  affinity,  r,,  and  the 
semiconductor  bandgap,  Ej,  in  Ac  case  of  p-type  semiconductorfassuming  an  unpinned 
Fermi  level  at  the  surfac^.  Thus,  thcor»:tically  the  same  barrier  height,  0bp,  exists 
irrespective  of  doping  concentration.  However,  the  depletion  layer  is  very  thin  in  Ac  case 
of  heavily  B-dop^  films,  since  Ae  Aickness  of  Ac  depletion  layer  is  proportional  to  Ac 
inverse  ^uare  root  of  the  carrier  concentration.  As  a  result,  in  the  case  of  an  MS 
strucAre,  carriers  can  easily  tunnel  through  Ac  Ain  depletion  layer.  Alternatively,  Ac 
current  transport  mechanism  is  dominated  by  field  emission  theory,  so  Aat  a  clear 
rectification  could  not  Be  observed.  However,  the  tunneling  current  Arough  the  thin 
depletion  layer  could  be  reduced  by  incluAng  Ae  undoped  diamond  layer  between  the 
metd  contact  and  Ae  B-doped  Aamond.  As  a  result,  rectif)ring  characteristics  could  be 
obtained.  It  is  important  to  note  Aat  rectifying  characteristics  could  be  obtained  by 
adopting  Ais  MIS  structure,  despite  an  atomic  B  concentration  of  10*®  cm'^  in  Ac  B- 
dop^  Aamond  film. 


CONCLUSIONS 

’ne  increase  in  resistance  of  B-doped  Aamond  films  due  to  a  heat  treatment  was 
systematically  investigated.  For  B/C  ratios  of  200  ppm  and  above,  Aere  was  little  change 
m  Ae  resistance  regaiAess  of  Ac  heat  treatment  However,  for  B/C  ratios  of  40  ppm  and 
below,  Ae  resistance  of  Ae  B-doped  diamond  films  drastically  increased  after  the  heat 
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treatment  at  S2S  °C  The  lower  the  atomic  B  concentration,  the  larger  the  increare  in  the 
resistance  after  the  heat  treatment  It  is  speculated  that  these  phenomena  have  an  intimate 
relation  with  the  dissociation  of  hydrogen  from  the  film  and  the  compensation  of  carriers 
by  electrically  activated  defects.  Ine  electrical  characteristics  of  an  Al/undoped 
diamond/B-do^  diamond  (hflS)  structure  using  polycrystalline  diannnd  films  have  also 
been  investigated  for  the  film  with  a  B/C  ratio  of  400  ppm.  The  existence  of  a  biiayer 
structure  was  confirmed  by  SIMS.  Poor  rectification  was  observed  for  the  MS  structure 
saiT^Ie,  while  recd^g  characteristics  could  be  dramatically  inqtroved  in  tl>e  presence  of 
the  undoped  diamond  layer. 
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Atomic  B  concentration  (atoms/cm^) 


A)  Electrode 


Figure  1. 


Figure  2. 


Cross-sectional  schematic  diagram  of  an  Al/undoped 
diamond/B-doped  diamond  Metal-Insulator-Semicondnaor  structure. 


Atomic  B  concentration  vs.  Depth  as  determined  by  Secondary  Ion 
Mass  Spectroscopy.  Note  the  increasing  B-concctration  with  respect  to 
the  B  to  C  ratio  in  the  reaction  gas. 
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1000/T(K.l) 


Figure  3.  Resistance  vs.  Temperature  of  B-doped  diamond  films  with  a  gas 
phase  B  to  C  ratio  of  4  ppm  for  three  temperature  cycles. 

l)  25  °C-»250°C-»25»C, 

n)  25  °C  ^  350  “C  -*25  ®C.  and 

m) 25<>C-525<>C-*25'>C. 


Figure  4.  Resistance  vs.  B  to  C  ratio  in  the  reaction  gas  for  B-doped  diamond 
films.  Note  that  the  pre-  and  postanneal  measured  resistances  for  B  to 
C  of  200  ppm  and  above  are  the  same,  indicating  a  thermally  stable 
film. 
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Figure  5.  Secondary  Ion  Mass  Spectroscopy  depth  profile  of  the  atomic  B 
concentration  for  an  undoped  diamond/B'^oped  diamond  bilayer 
structure  film. 


-SOS 
voitaj*  (V) 


Figure  6.  Current-voltage  characteristics  of  a)  Metal-Semiconductor  (MS),  and  b) 
Metal-Insulator-Semiconductor  (MIS)  stn-  .;ture.  In  both  cases,  the  B- 
doped  diamond  film  had  an  atomic  B  concentration  of  IxlOi®  cm-^. 
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ABSTRACT 

Several  metallizations  have  been  demonstrated  to  produce  ohmic 
contacts  to  semiconducting  diamond  through  a  solid  state  reaction  process. 
This  process  is  compatible  with  existing  micro-electronic  techniques  and 
produces  adherent  contacts  exhibiting  low  contact  resistance.  Investigated 
here  is  the  long-term  reliability  of  these  refractory  metal-diamond  contacts 
at  the  elevated  temperatures  for  which  diamond  devices  are  intended. 
Measurements  of  resistance  as  a  function  of  time  with  Mo/Au  contacts  on  a 
"IVpe  nb  diamond  crystal  are  presented  for  temperatures  in  the  range  450 
to  625  °C  with  isothermal  annealing  times  of  greater  than  130  hours  in  a 
purified  inert  ambient. 


INTRODUCTION 

There  is  an  established  need  for  electronic  devices  that  operate  reliably  at 
temperatures  ranging  from  400  to  600  °C.  Sensors  and  control  devices  mounted  on  or  in 
airmft  engmes  at  temperatures  from  500  to  600  ®C  for  peiiods  of  up  to  100  hours  are 
needed  for  increased  design  feedback,  and  diminished  testing  and  maintenance  costs.(l) 
Electronics  to  be  used  in  planetary-surface  space  probes  must  be  able  to  operate  at  surface 
temperatures  above  500  ‘•C  for  extended  periods  of  time.(2)  The  use  of  geothermal  wells 
as  an  alternative  energy  source  will  require  devices  operating  at  extended  time  periods  at 
temperatures  in  excess  of  600  ®C.  These  are  temperatures  far  above  those  temperatures  at 
which  silicon  and  gallium  arsenide  cease  to  function  as  semiconductors,  their  intrinsic 
limits  are  350  and  450  °C  respectively.  Devices  based  on  ihese  ubiquitous  electronic 
materials  are  able  to  meet  some  high  temperature  needs  only  with  the  added  presence  of  a 
cumbersome  cooling  apparatus.  The  added  we  'Jit  due  to  such  cooling  equipment  accounts 
for  over  one  half  of  the  payload  in  current  space-based  vehicles,  constituting  a  major 
expense  at  a  launch  rate  of  $6000/pound.  The  existence  of  devices  intended  for 
application  in  high  temperature  environments  would  not  only  meet  existing  needs,  but  also 
allow  sensor  or  control  access  to  areas  not  previously  considered.  Due  primarUy  to  the 
wide  band  ^p  (5.5  eV)  and  the  unequaled  thermal  cenductivity  (20  W/cm^K),  diamond, 
wiih  an  intrinsic  limit  of  1100  ®C,  appears  to  be  a  device  material  weli  suited  to  meet  these 
special  device  needs.(3)  Included  in  proposed  devices,  many  of  which  have  been  realized 
in  the  laboratory,(4-6)  are  rectifying  'indes,  Gunn  diodes,  LEDs,  transistors, 
photodetectors  and  nuclear  radiation  sense,  s,  and  thermistors.(7)  All  aspects  of  the 
diamond  device  mu-st  meet  the  demands  of  the  operating  environment,  but  many  of  the 
critical  device  characteristics  have  not  yet  been  demonstrated  at  high  temperature. 

A  process  utilizing  conventional  photolithographic  techniques  for  forming  low- 
resistance,  strongly  adherent  ohmic  contacts  by  metallization  of  diamond  has  previously 
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been  developed(8-10)  and  successfully  employed  with  natural  bulk  diamond(ll)  and 
synthetic  jliamond  films.(12)  This  process  includes  the  deposition  of  a  carbide-forming 
metal  on  diamond  followed  by  the  deposition  of  a  thin  film  of  gold  to  protect  the  metal 
from  corrosion.  The  refractory  and  quasi-refractory  metals  that  have  been  demonstrated 
to  form  these  ohmic  contacts  include  molybdenum,  titanium,  and  tantalum.  The  fmal  and 
most  critical  step  of  the  process  is  subjecting  the  metallized  sample  to  a  high  temperature 
anneal  in  a  purified-hydrogen  ambient. 

Ext<*nsive  characterization  of  the  ohmic  contacts  resulting  from  this  solid-state 
reaction  process  was  performed  using  Auger  electron  spectroscopy,  secondary  ion  mass 
spectrometry,  Rutherford  backscattering  spectrometry,  scanning  electron  microscopy,  X- 
ray  diffraction,  and  optical  metaUography.  It  was  determined  that,  during  the  annealing 
process,  the  refractory  metal  reacted  with  the  diamond  to  produce  a  carbide  precipitate  by 
means  of  a  nucleation-and-growth  mechanism  at  the  metal-diamond  interface.  The  strong 
adherence  and  low  resistance  of  these  contacts  are  attributed  directly  to  the  carbide 
precipitates  formed.(8) 

This  metallization  process  has  produced  ohmic  contacts  to  diamond  that  fulfill  four 
essential  require-nents  for  high  temperature  devices.  The  process  is  compatible  with 
present  micro-electronic  processing  techniques  the  contacts  are  strongly  adherent;  they 
exhibit  low  specific  contact  resistance(10'5  fl-cm^),  and  they  operate  at  high 
temperatures.(12,13)  Here  we  investigate  the  long-term  reliability  of  these  ohmic  contacts 
in  the  high  temperature  interval,  450  to  625  ®C. 


EXPERIMENTAL 

The  sample  used  was  a  <  100>  bulk,  p-type  semiconducting  (Type-IIb)  diamond  in 
the  shape  of  a  square  plate,  5  x  5  x  0.25  mm^.  The  natural  boron  concentration  is 
considered  to  be  on  the  order  of  lO^^/cm^  and  the  room  temperature  carrier  concentration 
on  the  order  of  lO^^/cm^  (14) 

The  polished  sample  was  cleaned  in  a  saturated  solution  of  Cr203  in  H2SO4  for  10 
minutes  at  160  ®C  followed  by  a  de-ionized  water  rinse.  This  removes  any  graphitic  layers 
that  may  be  present.(ll)  This  was  followed  an  acetone  rinse  and  then  a  soak  in  boiling 
methanol  for  4  minutes  to  remove  any  surface  contaminants.  Using  plasma-assisted  CVD, 
a  200  nm  layer  of  silicon  nitride  was  grown  on  the  sample  surface.  Standard 
photolithographic  techniques  and  a  Shockley  transmission-line-model  (TLM)  mask  were 
used  to  pattern  openings  in  the  silicon  nitride.  A  10  nm  layer  of  molybdenum  followed  by  a 
150  nm  layer  of  gold  was  deposited  on  the  sample  in  an  ion-pumped,  UHV  evaporating 
chamber.  Electron-beam  heating  was  employed  for  the  refractory  metals  and  resistive 
heating  was  used  for  the  gold.  The  pressure  during  the  evaporation  was  10^  Torr,  and  the 
rates  of  deposition  for  Au  and  Mo  as  measured  with  a  crystal  monitor  were  0.4  nm/s  and 
0.05  nm/s,  respectively.  The  remaining  photoresist  and  that  part  of  the  Mo/Au  layer 
above  it  were  subsequently  etched  away  with  acetone.  A  TLM  pattern  of  rectangular  120  x 
300  pm^  Mo/Au  mesas  separated  by  Si3N4  remained  on  the  diamond  surface.  The  sample 
was  then  annealed  in  a  purified  hydrogen  ambient  at  950  °C  for  6  minutes  in  order  to  form 
the  carbide  contact.  The  Si3N4  was  left  in  place  to  prevent  spreading  of  the  Au  during  the 
anneal.  The  details  of  the  entire  process  and  a  discussion  of  optimum  annealing  time  can 
be  found  elsewhere.(8,9) 
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The  sample  was  mounted  in  an  organically  cleaned  alumina  chip  carrier  and  was 
held  in  place  with  a  tungsten  clip.  Gold  wires  were  wire  bonded  to  Mo/Au  contacts  that 
were  separated  by  distances  of  10,  20  and  30  pm.  The  other  ends  of  the  leads  were 
attached  to  gold-plated  pad  contacts  on  the  chip  carrier.  The  carrier  was  then  mounted  in 
the  apparatus  shown  in  Figure  1. 

This  apparatus  was  designed  for  variable-temperature,  electrical-transport 
measurements  of  diamond  samples.  Strict  control  of  the  ambient  in  the  measurement 
space  is  essential,  not  only  to  prevent  -oxidation  of  the  metal  in  the  apparatus,  but  also  to 
prevent  a  transformation  from  diamond  to  graphite  which  happens  in  the  presence  of 
oxygen  or  water  vapor  at  elevated  temperatures.  There  is  also  mounting  evidence  that 
adsorbed  gases  have  a  significant  effect  on  the  measured  electrical  properties  of 
diamond.(ll,lS-19)  It  is  for  these  reasons  that  the  sample  was  placed  in  a  quartz  chamber 
sealed  at  the  cold  end  with  a  viton  o-ring,  and  that  the  ambient  inside  the  chamber  was 
limited  to  purified  argon  gas.  This  gas  was  obtained  by  passing  technical  grade  argon 
through  a  purifier  system  that  employs  hot  titanium  chips.  This  getter  system  removed 
non-inert  contaminants  before  the  argon  entered  the  measuring  space.  The  purity  was 
monitored  continously  by  a  hygrometer  situated  in  the  outgoing  gas  line.  Backflow  into  the 
system  is  prevented  by  a  check  valve  in  the  outgoing  gas  line  and  a  continual  positive 
pressure  as  monitored  by  a  mineral  oil  bubbler  at  the  end  of  the  line.  These  precautionary 
steps  allowed  the  entire  investigation  to  be  performed  with  the  ambient  at  a  dew  point  of 
less  than  -115  ®C  (less  than  0.3  PPB  water  weight  in  air). 

The  sealed  quartz  chamber  provided  an  air-tight  space  and  stability  for  high 
temperatures,  and  allowed  for  the  radiative  heating  of  the  sample  from  the  fiimace  coik. 
The  heat  was  controlled  by  a  Variac  attached  to  the  furnace  coils,  and  the  temperature 
inside  the  chamber  was  measured  with  a  K-type  thermocouple  in  a  stainless  steel  sheath 
attached  to  the  stainless  steel  support  as  shown  in  Figure  1.  The  long  annealing  times 
inherent  in  the  experiment  provide  for  adequate  thermal  equilibrium  within  the 
measurement  apparatus.  Without  a  feedback  mechanism  for  the  furnace  coils,  me 
temperature  tended  to  slowly  and  randomly  drift  as  much  as  3%  about  a  mean 
temperature  during  the  extended  measuring  periods.  The  copper  electrical  leads  were  fed 
into  the  measuring  space  through  an  insulating  ceramic  rod  which  was  sealed  at  the  cold 
end.  These  leads  were  attached  to  the  chip  carrier  leads  using  BeCu  clips.  The  resistance 
between  contacts  was  measured  with  a  Keithlcy  617  electrometer  and  was  continuously 
monitored  with  a  chart  recorder.  The  measuring  chamber  was  shielded  from  light  to 
eliminate  photoconductive  effects. 


RESULTS  AND  DISCUSSION 

The  resistance  of  the  sample  was  continuously  monitored  for  a  period  of  nearly  36 
days.  The  first  data  were  recorded  immediately  after  the  sample  was  placed  in  the 
measurement  apparatus  and  before  the  quartz  chamber  was  purged.  The  chamber  was 
then  purged  with  the  purified  argon  gas  at  room  temperature  for  a  period  of  IS  hours. 
This  resulted  in  a  vast  increase  in  resistance,  from  17.2  kD  before  the  purge  to  790  kh 
after.. 

The  effects  of  exposure  to  hydrogen  plasma  on  the  electrical  characteristics  of 
natural  Type  Ila  (17)  and  Type  la  and  T^  Ilb  (18)  diamond  crystals  and  on  synthetic 
diamond  fflms(16-19)  have  t^n  the  subject  of  many  recent  investigations.  In  those 
studies,  it  was  demonstrated  that  this  exposure  severely  decreases  the  measured  resistance 
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of  the  diamond  sample  by  as  much  as  five  to  ten  orders  of  magnitude.  It  has  been 
suggested  that  this  effect  is  due  to  hydrogen  passivation  of  deep  level  traps,  and  that  high 
temperature  annealing  effectively  removes  the  hydrogen,  causing  activation  of  the  traps 
and  an  accompanying  rise  in  resistivity.(17,18)  Using  nuclear  resonance  reaction  analysis 
to  determine  hydrogen  depth  profiles  in  diamond  CVD  films,  Celii  et  a/(19)  have 
concluded  that  in  diamond  films,  the  majority  of  the  hydrogen  is  not  eliminated  but  is 
simply  displaced  to  grain  boundaries. 

Hydrogenation  occurs  in  CVD  diamond  films  due  to  the  hydrogen  plasma  utilized 
in  the  growth  process,(16)  but  bulk  diamond  crystals  are  not  routinely  exposed  to  plasmas. 
The  types  of  plasma  u^  to  hydrogenate  the  diamond  samples  in  the  above  studies  include 
rf,  miaowave,  and  dc  plasmas  at  various  temperatures  and  pressures,  and  for  various 
exposure  times.  It  has  t^n  suggested  that  hydrogenation  is  indqiendent  of  plasma  power 
and  the  hydrogen  pressure,  and  it  is  limited  only  by  the  diffusion  rate  of  hydrogen  into 
diamond.(18)  Where  it  was  studied,  the  de-hydrogenation,  or  re-activation  of  the  traps  was 
accomplished  with  a  high  temperature  anneal,  resulting  in  the  restoration  of  the  high 
measured  resistivity. 

The  Ilb  sample  in  this  study  was  exposed  to  an  rf  plasma  during  the  growth  of  the 
sUicon  nitride  layer  prior  to  metallization.  The  sample  was  positioned  directly  in  an  rf 
plasma  created  from  SiH4  (silane),  and  NH3  for  25  min  at  325  °C.  This  is  consistent  with 
the  above  hydrogenation  methods,  but  the  950  ^  anneal  of  the  contacts  in  molecular 
hydrogen  may  have  been  another  potential  source  of  hydrogen. 

The  sample  was  heated  over  the  course  of  15  days  to  500  °C  where  stability  in  the 
resistance  was  eventually  observed.  The  electrical  resistance  at  thermal  annealing  times  in 
excess  of  130  hours  were  measured  at  three  temperatures,  500,  600  and  450  °C 
consecutively.  The  resistance  between  all  lead  pairs  were  measured,  and  all  pairs  exlubited 
qualitatively  identical  behavior.  The  electrical  resistance  at  these  three  different 
temperatures  as  a  function  of  time  for  the  contacts  separated  by  50  pm  is  shown  in  Figure 
2.  ^ch  solid  line  represents  the  mean  resistance  at  a  given  temperature.  The  variation  of 
the  resistance  about  each  mean  temperature  is  due  to  the  slow  variation  of  the  ambient 
temperature  in  the  quartz  chamber  as  described  in  the  previous  section.  The  resistance 
simply  tracked  with  that  temperature  variation.  It  should  also  be  noted  that  the  maximum 
temperature  investigated  was  a  constraint  imposed  by  the  measurement  apparatus  and  not 
ly  the  sample  or  the  contacts. 

The  sustained  sensitivity  of  the  contacts  to  electrical  changes  in  the  material  can  be 
seen  in  Figure  3  where  both  the  resistance  and  temperature  are  plotted  as  a  function  of 
time  for  one  temperature  region,  600  °C.  The  resistance  consistently  maintains  an  inverse 
relationship  with  respect  to  temperature,  as  would  be  expected  for  semiconducting 
diamond,  and  it  does  so  reproducibly.  Focusing  on  one  fixed  temperature  over  the  course 
of  time,  reveals  differences  in  resistances  of  no  more  than  1%  .  It  is  clear  from  the 
resistance  data  that  the  contacts  are  stable  against  drift  or  degradation  in  the  times  and  for 
the  temperatures  investigated. 
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CONCLUSION 


A  previously  developed  metallization  technique  was  used  to  form  ohmic  contacts  to 
a  IVpe  nb  bulk  diamond  sample.  The  resistance  between  the  contacts  was  measured 
during  long  thermal  annealing  times  in  excess  of  130  hours  at  temperatures  of  450,  SOO  and 
600  The  Mo/Au  contacts  appeared  to  be  stable  and  reliable  at  these  high 
temperatures  with  no  indication  of  deterioration  or  degradation  of  performance. 
Indications  of  hydrogen  passivation  were  observed  and  a  long  thermal  anneal  was  used 
before  reported  measurements  were  taken. 
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Figure  1.  Apparatus  used  for  electrical  resistance  measurements  of  the  diamond  sample. 
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Figure  2.  Resistance  vs  time  for  three  temperatures.  Solid  lines  represent  mean 
temperatures. 


Figure  3.  Resistance  and  temperature  as  a  function  of  time  near  600  °C. 
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ABSTRACT 

The  effect  of  thin  interfacial  films  of  Si02  (~20  A)  on  the  electrical 
characteristics  of  metal  <,ontacts  fabricated  on  polycrystalline  and 
homoepitaxial  diamond  films  has  been  studied.  These  films  were  grown 
using  plasma-enhanced  chemical  vapor  deposition  techniques.  In  order  to 
minimize  the  effect  of  defects  and  /  or  hydrogen  on  the  metal  contact 
characteristics,  these  films  were  annealed  at  950°C  for  30  min.  Metal- 
semiconductor  contacts  were  formed  by  electron-beam  evaporation  of 
aluminum  on  both  as-received  and  annealed  polycrystalline  films,  whereas, 
gold  metallization  was  used  for  the  homoepitaxial  film.  Active  diode  dots 
were  defined  by  a  standard  photolithographic  process.  It  has  been 
demonstrated  that  the  introduction  of  a  thin  Si02  film  at  the  interface 
between  the  metal  and  the  diamond  semiconductor  film  allows  the 
fabrication  of  a  rectifying  contact,  that  is  not  otherwise  possible  for  the  films 
studied  here. 


INTRODUCTION 

Semiconducting  diamond,  as  a  potential  material  for  high  temperature,  high  speed 
and  high  power  device  applications,  has  been  the  subject  of  some  excellent  reviews  (1, 2). 
A  number  of  these  devices  will  rely  on  a  rectifying  metal  /  semiconductor  contact  for  their 
operation.  A  metal  /  semiconductor  contact  also  provides  a  suitable  vehicle  for  electrical 
characterization  of  the  device  material.  However,  it  has  been  observed  that  the  formation  of 
good  rectifying  contacts  is  not  always  easily  accomplished  on  diamond  films  grown  by 
chemical  vapor  deposition  (CVD)  (3).  Contacts  established  with  A1  or  Au  on  CVD  films 
exhibit  highly  resistive  ohmic  or  nominally  asymmetric  behavior,  whereas  these  metals  can 
be  used  almost  routinely  to  form  rectifying  contacts  on  synthetic  (4)  and  natural 
semiconducting  diamond  crystals  (3).  In  the  case  of  CVD  grown  homoepitaxial  films,  a 
chemical  treatment  in  a  hot  CrOj  +  H2SO4  solution  has  enabled  the  fabrication  of  Au 
rectifying  contacts  (6).  Characteristics  of  rectifying  contacts  on  CVD  grown  films  of  both 
homoepitaxial  (7)  and  polycrystalline  diamond  (8)  have  been  improved  by  growing  an 
insulating  undoped  diamond  film  on  a  previously  deposited  B  doped  semiconducting  film. 
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In  the  present  investigation,  the  effect  of  thin  interfacial  SiOa  ^rhns  on  the  electrical 
characteristics  of  metal  contacts  fabricated  on  B  doped  polycrystalline  and  homoepitaxial 
films  has  been  studied.  It  has  been  demonsoated  that  the  introduction  of  a  thin  SiC>2  film  at 
the  interface  between  the  metal  and  the  diamond  semiconductor  film  allows  the  fabrication 
of  a  rectifying  contact,  that  is  not  otherwise  possible  for  the  films  studied  here. 


EXPERIMENTAL  DETAILS 

Both  the  polycrystalline  and  homoepitaxial  B  doped  diamond  films  used  for  the 
study  were  grown  using  plasma-enhanced  chemical  vapor  deposition  (PECVD)  techniques. 
The  diamond  films  were  materially  characterized  by  scanning  electron  microscopy  (SEM) 
and  by  Raman  Spectroscopy.  In  addition,  secondary  ion  mass  spectroscopy  (SIMS) 
analysis  of  selected  samples  were  performed  in  order  to  determine  the  atomic  concentration 
of  B  in  the  films. 

As-deposited  diamond  films 

A  microwave  plasma  CVD  reactor  described  in  reference  (9),  was  employed  in  this 
study  for  the  deposition  of  the  polycrystaliine  diamond  films.  These  films  were  grown  on 
low  resistivity  (<1  £1  cm)  boron  doped  Si  ((111)  oriented)  substrates  using  H2(99.5  %) 
and  CH4  (0.5  %)  at  a  pressure  of  35  torr.  The  substrates  were  maintained  at  800°C  during 
deposition.  Moreover,  these  films  were  doped  with  B  using  B2H5.  The  ratio  of  B2H5  to  the 
total  gas  flow  was  adjusted  to  obtain  (B/C)  ratios  of  0.8,  2.0,  l2,  4.0,  20.0,  200.0,  and 
400.0  ppm  in  the  gas  phase.  In  some  cases  O2  (0.1  %)  was  also  included  in  the  gas 
mixture  (for  (B/C)  ratios  of  0.8, 2.0, 3.2, 4.0  ppm).  These  films  were  grown  for  14  hr. 
For  the  higher  (B/C)  ratios  ( 4.0, 20.0, 200.0  ppm)  O2  was  not  used  and  films  were  grown 
for  7  hr.  Details  of  the  if  plasma  CVD  reactor  utilized  for  the  homoepitaxial  film  growth  are 
given  in  reference  (10).  The  homoepitaxial  film  was  grown  on  a  type  I A  insulating  namral 
diamond  crystal  using  0.4  %  CH4  and  1  %  CO  in  H2rf  plasma.  The  film  was  also  doped 
with  B2H5  during  growth.  Metal  contacts  on  control  samples  without  an  Si02  interfacial 
layer  were  fabricated  in  the  following  way.  After  deposition,  the  diamond  films  were 
cleaned  using  the  RCA  cleaning  procedure  (11).  Approximately  2000  A  of  aluminum  was 
then  electron-beam  evaporated  directly  onto  the  0.8  ppm  (B/C)  polycrystalline  diamond 
sample  to  form  a  metal-semiconductor  contact.  For  the  homoepitaxial  diamond  sample  a 
chemical  treatment  in  a  hot  Cr03  +  H2SO4  solution  (to  remove  any  non-sjP  component  in 
the  diamond  film)  was  also  included  and  a  gold  metallization  employed.  An  important  point 
to  note  in  the  gold  metallization  procedure  is  that  the  electron-beam  evaporation  was  a  two 
step  process.  The  deposition  rate  was  1  A/s  for  the  first  1(X)  A  of  gold  and  then  5  A/s  for  the 
rest  of  the  ~  2()()0A  film.  This  procedure  markedly  improved  the  adhesion  of  gold.  Active 
diode  areas  were  delineated  by  standard  photolithography  followed  by  Au  or  A1  etching  as 
the  case  may  be.  A  mask  pattern  propos^  by  loannou  et  al.(12)  was  used  for  this  process. 
The  fabricated  diodes,  ICIO  pm  in  diameter  were  separated  fiom  the  field  region  by  <t  100 
pm  annular  ring.  The  'infinitely'  large  area  of  the  field-region  ensured  an  adequate  quasi- 
ohmic  contact  with  the  required  current  handling  capability,  particularly  in  the  case  of  the 
homoepitaxial  film  that  was  deposited  on  an  insulating  namral  diamond  crystal.  Similar 
metal  contact  diodes  were  also  fabricated  on  a  representative  0.8  ppm  (B/C)  sample  on 
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which  a  ~  20  A  thick  film  of  Si02  had  been  deposited  by  a  remote  plasma-enhanced  CVD 
technique  (13)  prior  to  A1  metallization.  For  the  homoepitaxial  film,  following  electrical 
measurements  on  the  Au  contacts  fabricated  on  the  control  sample  (i.e.  without  the  Si02 
interfacial  film),  the  metal  was  etched  in  r qua  regia  (3HC1  and  IHNO3).  This  test  sample 
was  then  cleaned  employing  the  RCA  cleaning  procedure  and  a  ~  20  A  thick  film  of  Si02 
was  deposited.  Approximately  2000  A  Au  was  subsequently  electron-beam  evaporated 
onto  the  test  sample.  Active  diode  areas  were  defined  by  photolithography  and  Au  etching. 
Cross-sectional  Vagrams  of  the  contact  strucuire  on  the  diamond  films,  (a)  without,  and  (b) 
with  the  the  Si02  film  are  shown  in  Fig.  1.  The  control  and  test  samples  were  then 
electrically  characterized  using  a  HP  4145  B  semiconductor  parameter  an^yzer  equipped 
with  a  probe  station  for  high  temperature  measurements. 

Heat  treated  diamond  films 

The  polycrystalline  films  were  annealed  at  a  temperature  of  950“C  for  30  min,  in 
order  to  minimize  the  effect  of  defects  and  /  or  hydrogen  on  the  electrical  characteristics  of 
metal  contacts  on  these  films.  Aluminum  metal  contacts  were  then  fabricated  on  the 
annealed  films  both  with  and  without  an  Si02  interfacial  layer,  following  the  procedure 
described  in  the  previous  section.  Current-voltage  (I-V)  measurements  were  then 
performed  on  these  metal-semiconductor  contacts.  For  the  contacts  fabricated  on  annealed 
20.0  ppm  ((B/C)  ratio)  samples  with  an  Si02  interfacial  layer,  I-V  measurements  were 
conducted  from  room-temperature  up  to  -  250  ®C,  at  increments  of  ~  50  °C. 


RESULTS  AND  DISCUSSION 
As-deposited  diamond  films 

Scanning  electron  microscopy  of  the  B-dopcd  diamond  films  investigated  here 
showed  clear  (111)  facets  and  five-fold  multiply  twinned  particles.  Scanning  electron 
microscopy  also  indicated  that  the  polycrystalline  diamond  films  grown  with  O2  (lower 
(B/C)  ratio)  had  a  quality  superior  to  those  grown  without  O2  (higher  (B/C)  ratio).  The 
crystal  quality  was  investigate  using  laser  Raman  spectroscopy.  The  Raman  peak  position 
characteristic  of  diamond  was  located  near  1333  cm'l.  A  relatively  small  sp2  peak  at  1500 
cm'*  was  also  observed  in  the  Raman  spectrum  of  the  diamond  films.  A  SIMS  analysis  of 
the  as-deposited  20.0  ppm  ((B/C)  ratio)  diamond  film  showed  an  atomic  B  concentration  of 
~  1.0  X  10*8  cm-3. 

Current-voltage  characteristics  of  A1  contacts  to  as-deposited  polycrystalline  sample 
(0.8  ppm  (B/C) )  are  shown  in  Figs.  2  (a)  and  (b).  Directly  deposited  A1  contacts  (Fig.  2 
(a))  on  this  sample  without  the  interfacial  Si02  film  showed  near-ohmic  I-V  characteristics. 
The  subsequent  introduction  of  the  Si02  filni  provided  rectifying  characteristics  as  shown 
in  Fig.  2  (b).  Directly  deposited  Au  contacts  on  the  as-deposited  homoepitaxial  film  also 
exhibited  near-ohmic  I-V  characteristics  as  shown  in  Fig.  3  (a).  With  the  introduction  of  the 
thin  Si02  film  good  rectification  was  obtained  as  shown  in  Fig.  3  (b).  In  the  presence  of 
the  Si(>2  film,  low  leakage  currents  (<  1  nA  at  5  V)  in  the  reverse  direction  were  observed 
in  both  the  polycrystalline  and  the  homoepitaxial  film.  A  breakdown  voltage  of  ~7  V  was 
observed  for  both  as-deposited  polycrystalline  and  the  homoepitaxial  films. 
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Heat  treated  diamond  films 

Current-voltage  characteristics  on  AI  contacts  fabricated  on  annealed  films  with  the 
lower  (B/C)  ratios,  showed  a  drastic  reduction  in  current  in  both  the  forward  and  reverse 
directions.  Since  the  magnitude  of  the  current  was  approximately  the  same  in  all  the  rilms 
(for  (B/C)  ratios  of  0.8, 2.0, 3.2, 4.0  ppm),  a  representative  plot  from  the  4.0  ppm  sample 
is  shown  in  Fig.  4.  This  reduction  in  current  conduction  on  annealing  is  in  conformity  with 
observations  reported  by  Landstrass  et  al.  (14, 15),  Albin  et  al.  (16)  and  Muto  et  al.  (17). 
Hydrogen  dissociation  and  /  or  defect  annihilation  could  account  for  the  increased 
resistivity  in  these  annealed  diamond  films. 

Current-voltage  characteristics  of  Al  contacts  deposited  directly  on  annealed,  20.0 
ppm  ((B/C)  ratio)  polycrystalline  sample  without  the  inteifacial  Si02  film  are  shown  in  Fig. 
5  (a).  The  subsequent  introduction  of  the  Si02  film  provided  rectifying  characteristics  as 
shown  in  Fig.  5  (b).  A  breakdown  voltage  of  ~  6  V  was  observed  for  this  film.  A 
background  doping  concentration  of  ~  5.3  x  10’*  cm**  in  this  film  was  obtained  using  an 
approximate  'universal'  expression  for  the  breakdown  voltage  given  by  (18): 

Vb  =  60(Eg/l.l)3/2(NB/10’6)  -3/4 

where,  Vb  is  the  breakdown  voltage  for  a  plane-parallel  junction,  Eg,  the  band-gap  of  the 
material,  and  Nb,  the  doping  concentration.  A  band  gap  of  5.45  eV  for  diamond  and  the 
experimentally  observed  breakdown  voltage  of  6  V  was  used  in  the  above  calculation. 
Assuming  that  the  active  B  concentration  in  this  high  B  concentration  film  is  not  very 
different  from  the  atomic  concentration  (~1.0  x  10>*  cm**)  as  determined  from  SIMS 
analysis,  the  calculated  value  of  the  background  doping  concentration  seems  to  agree  within 
an  order  of  magnitude  with  the  SIMS  results.  It  should  be  noted  that  for  high 
concentrations  of  B  of  the  order  of  10”’  - 10*®  cm**  in  diamond,  a  complete  activation  of 
the  impurity  has  been  reported  (19).  However,  it  has  not  been  established  whether  a  similar 
effect  can  be  expected  at  a  B  concentration  of  1.0  x  10’*  cm**.  It  should  also  be  pointed  out 
that  a  plane-parallel  junction  approximation  will  provide  an  underestimation  of  the 
breakdown  voltage  as  edge  effects  are  expected  to  produce  a  significant  lowering  of  the 
breakdown  voltage  for  a  given  doping  concentration  (18).  An  estimation  of  doping 
concentration  from  the  observed  bre^down  voltage  of  the  structure  used  here,  therefore, 
will  provide  an  overestimation  of  the  doping  concentration.  Moreover,  since  the  dielectric 
strength  of  SiOa  is  10'  V/cm  (Appendix  I  of  reference  (18))  the  breakdown  voltage  of  ~  20 
A  Si02  film  is  -  2  V.  This  indicates  ti.'’t  the  experimentally  observed  breakdown  voltage  of 
this  film  (~  6  V)  is  likely  to  be  the  breakdown  voltage  of  the  diamond  film  and  not  that  of 
the  dielectric.  The  I-V  characteristics  of  this  annealed  diamond  film  (20.0  ppm  (B/C)  ratio) 
with  interfacial  SiC)2  measured  at  temperatures  ranging  from  room  temperature  (RT)  to  248 
°C  in  -  50  ®C  increments,  arc  shown  in  Fig.  6.  It  is  seen  that  as  the  temperature  is  increased 
the  reverse  leakage  current  increases  and  the  reverse  breakdown  voltage  decreases. 
Nevertheless,  a  fairly  good  rectification  behavior  can  be  observed  up  to  ~  1(X)  ®C. 

Conclusions 

It  has  been  demonstrated  that  the  introduction  of  a  thin  Si02  film  at  the  interface 
between  the  metal  and  the  diamond  semiconductor  film  allows  the  fabrication  of  a  rectifying 
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contact,  that  is  not  otherwise  possible  for  the  films  studied  here.  This  improvement  in 
characterisdcs  is  probably  due  to  a  modification  in  the  barrier  height  and  Held  distribution 
and  /  or  to  passivation  of  the  surface.  Further  woiic  in  this  area,  in  order  to  fully  understand 
the  mechanisms  involved  in  determining  the  observed  characteristics,  is  in  progress . 
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Figure  1 :  Cross-sectional  diagram  of  contact  structure  on  diamond  film, 
(a)  without  dielectric  layer  and  (b)  with  dielectric  layer. 


Voltage  (V) 

Figure  2;  Current-voltage  characteristics  of  A1  contacts  on  polycrystalline  diamond 
film  (0.8  ppm),  (a)  direct  metalization  and  (b)  with  interfacial  SiO  2 
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Figure  5:  Current-voltage  characteristic  of  A1  contacts  on  annealed  diamond 
film  (20.0  ppm),  (a)  direct  metalization  and  (b)  with  interfacial  SiP2 . 


Voltage  (V) 


Figure  6:  Current-voltage  characteristic  of  A1  contacts  on  annealed  diamond  film  (20.0  ppm) 
with  interfacial  Si02  at  (a)  RT,  (b)  50°C,  (c)  99°C,  (d)  149®C,  (e)  198°C,  and  (0  248*C. 
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a-C:H  FILM 


FORMATION  OF  SINSLE-CRYSTAL  SEMICONDUCTOR  - 

HETEROJUNCTIONS. 

V.M.  ELINSON,V.V.  SLEPTSOV.S.S.  GERASIMOVICH, B.F.  IVANOVSKY 
NPO  "Wacuummaspribor" , USSR, 113105  Moscow, Nagorny  pr.  7. 

V.I.  POLYAKOV, O.N.  ERMAKOVA,  M.B. ERMAKOV,  P.I.PEROV 
Institute  o-f  Radiotechnic  and  Electronic  Academy  o-f 
Sciences  USSR, 103907  Moscow,  K.Marx  pr. ,  18. 


Considerable  interest  has  been  aroused  in 
•formation  of  single-crysal  semiconductor  - 
diamond-like  film  heterostructures  that  can  be 
used  for  various  appl i cations, such  as  multilayer 
quantum-dimensional  structures,  sensitive 
photodetectors, varicaps,  dynamic  memory  elements 
with  electrical  and  optical  recording  and 
information  reading.HeteroJunctions  were  formed 
by  ion-assisted  methods  on  Si  and  BaAs  wafers 
with  different  type  of  conductivity  and 
resistivity. The  film  thickness  was  S.O  -  100.0 
nm.MIS  structures  with  a  S.O  nm  thick  a-CsH  film 
were  obtained. The  possibility  of  a-C:H  films 
formation  which  are  resistant  to  temperature 
range  no  less  than  450  C  and  films  in  which 
diamond  phase  content  is  increased  up  to  450  C 
during  heating  has  been  demonstrated. The  effect 
of  preliminary  treatment  conditions  of  wafers, 
particle  energy  and  thermal  treatment  of  films 
and  heterostructures  upon  density  of  surface 
states  at  the  semiconductor  -  a-C:H  film 
interface  was  shown. 


1, Introduction. 

Single-crystal  semiconductor  -  diamond-like  film 
heterostructures  are  exiting  challenge  to  the  development 
of  active  elements  of  micro-  and  optoelectronics 
(photodetectors,  dynamic  memory  elements,  transistors)  due 
to  high  hardness, chemical  inertness, ecological  cleanliness 
of  starting  materials  and  possibility  of  changing 
electrical  and  optical  properties  of  a-C:H  films  in  a  wide 
range  (1,2). 

In  the  paper  the  dependence  of  formation  process  and 
wafu.'  preliminary  treatment  conditions  upon  the  properties 
of  single-crystal  semiconductor  -  a-C:H  film  interface  has 
been  investigated  in  order  to  create  heterostructures  with 
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reliable  properties  and  thermal  stability. 

For  this  purpose  complex  research  of  deep  level 
parameter!,  zone  bending  in  the  single-crystal  -  a-C:H 
interface,  electronic  structure,  chemical  composition  has 
been  carried  out. 

The  effect  of  temperature  upon  the  properties  of 
interface  and  a-C:H  films  was  studied. 


2. Experimental  details. 

Hetero junctions  were  formed  on  monocrystalline  GaAs 
and  Si  substrates  of  different  conductance  type  and 
resistivity. The  thickness  of  a-C:H  films  prepared  by 
ion-assisted  methods  in  different  conditions  was  5.0  - 
100.0  nm. 

The  electronic  structure  of  films  was  studied  by  Auger 
electron  spectroscopy  (3) .Percentage  of  bonds  on  the  basis 
of  sp  -  and  sp  -hybridization  of  carbon  atom, the  size  of 
graphite-like  clusters  and  change  in  electronic  structure 
of  films  at  annealing  up  to  400  C  were  deter mined. The 
presence  of  carbon  and  hydrogen  in  chemical  composition  of 
films  was  detected  by  the  technique  of  secondary-ion  mass 
spectroscopy  (4) . 

The  value  of  optical  bandgap  >  was  determined 
by  method  discribed  in  (5). The  values  of  optical  bandgap  of 
a-C:H  films  used  for  examining  properties  of 
heterostructures  in  this  paper  were  1.5-1. 7  eV  (E  a-CiHj-  ) 
and  2. 0-2. 2  eV  (E  a-C:Hr).It  has  been  found  that  Eof-C'//jis 
practically  constant  in  the  thickness  range  from  5  nm  up  to 
300  nm  under  specified  production  conditions  (Fig.l). 

The  monocrystal 1 ine  semiconductor — a-C:H  film  interface 
was  studied  by  charge-relaxation  spectroscopy  method  (6); 
the  value  of  zone  bending  at  the  interface  was  determined 
by  photoelectromoti ve  force  and  photoresponse  kinetics  (6). 


3. Results  and  Discussion. 

Just  after  annealing  of  heterostructures  based  on 
a-C;H  films  the  change  in  electronic  structure  corresponds 
only  to  decrease  of  "dangling”  bonds  density  (Fig. 2a, peak 
at  E  =  H-ST  s'J),  due  to  their  thermal  stability.  Just  after 
annealing  of  heterostructures  based  on  a-CrHj*  films,  the 
peaks  were  observed  at  energy  of  14.5;  19  and  20-25  eV 
corresponding  to  C-H  and  bonds  in  density  spectrum  of 
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states  (Fig. 2b). An  increase  in  output  of  bonds  based  on  sp^ 
-hybridisation  of  carbon  atom  o-f  diamond-like  phase  and 
decrease  of  number  of  dangling  bonds  was  detected  at  the 
same  time. 

Q-DLTS  spectra  of  a-C;H  -Si  heterostructures  obtained 
at  some  temperature  value  are  shown  in  Fig. 3. The  deep  level 
parameters  of  heterostructures  based  on  a-C:H  films  are 
given  in  Table  1. 

The  monocrystal 1 ine  semiconductor  -  a-CrH  film 
hetero junction  is  characterized  by  the  presence  of  2  deep 
levels  (A  and  B).The  ir.iization  energy  level  A  (E=0.36  eV) 
is  practically  independent  of  thickness  in  the  thickness 
range  from  50  nm  to  300  nm. It  can  be  supposed  that 

hetero junction  location  is  due  to  the  presence  of  traps  it; 
a-C;H  layer  at  the  distance  of  50  nm  from  the 
heteroboundaries. The  ionization  energy  of  level  B  is  varied 
depending  on  substrate  type  (Table  1)  and  conditions  of 

preliminary  treatment  of  substrates  (2). 

The  decrease  in  dangling  bonds  density  then  annealing 
heterostructures  based  on  a-C:H  films  may  lead  to  a 
reduction  in  density  of  traps  up  to  (2-7)*10^  cm  for  A 
level. May  be  the  changes  in  phase  composition  also  have 

been  influenced  on  state  density  in  this  case. 

When  we  decrease  the  mean  energy  of  particles  while 
forming  the  Si  -  a-CsH  hetero junction  from  0.6  keV  to 
0.1  keV  we  can  observe  peak  A  at  another  value  of  energy 
(Table  1,  E  ®  0.54-0.59  eV).The  density  of  these  states  is 
independent  of  thickness  up  to  5  nm. That  is  why  we  suppose 
that  this  traps  are  concentrated  at  the  distance  from 

interface  no  more  then  5  nm. 

In  case  of  a-C:H  film  just  after  annealing  we  can 
observe  only  the  reduction  of  dangling  bonds  density 
(Fig. 2a) . Then  we  conclude  that  dangling  bonds  density  may 
be  connected  with  density  of  level  A  states. 

The  photoelectromotive  force  kinetics  of  a-C:H  - 

GaAs  heterostructures  is  shown  in  Fig. 4. The  values  of  zone 
bending  at  the  Si-aC;H  interface  are  given  in  Table  2. It 
has  been  found  that  increase  in  a-C:H  layer  thickness 
results  in  a  negligible  change  in  value  ).An  increase 

in  Si-aC:H  layer  thickness  leads  to  the  decrease  in 
and  increase  in  energy  from  0.12  eV  to  0.22  eV  where 
is  used. For  as  starting  hydrocarbcn  another  thickness 

dependence  may  be  observed. 

The  dependence  of  heteroboundary  properties  on 
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preliminary  treatment  conditions  o-f  monocrystalline 
semiconductors  substrates  is  shown  in  Table  3. It  has  been 
-found  that  the  density  o-f  traps  decreases  at  level 
connected  with  the  substrate  type  when  increasing  treatment 
duration. 


5. Conclusions. 


The  investigations  presented  here  demonstrate  the 
possibility  of  controllable  formation  of  interfaces, 
especial y  surface  state  control  connected  with  a-C:H  film 
whi’e  changing  in  deposition  conditions, preliminary 
treatment  of  substrates. The  thermal  stability  of  a-C:H 
films  and  heterostructures  in  temperature  range  from  293  K 
to  673  K  was  shown. The  usage  of  a-C:H  films  of  "5  nm  in 
thickness  for  MIS-structures  production  is  possible  due  to 
the  low  defectness  of  a-C:H  layers, prepared  by  ion-assisted 
methods  in  different  environments. It  has  been  found  that 
variations  in  values  of  zone  bending  at  the  interface  as  a 
function  of  a-C:H  layer  thickness, starting  gaseous  medium 
and  formation  conditions. 

The  dependence  of  zone  bending  in  Si  -  a-C:H 
interface  on  the  a-CsH  film  thickness  has  shown  the  volume 
distribution  of  traps, while  for  a-CiH  films  zone  bending 
does  not  depend  upon  the  film  thickness  in  the  thickness 
range  to  5  nm. 

This  research  has  shown  the  possibility  of  H5  forming 
as  with  high  as  well  as  with  little  surface  states  density 
which  is  reliable  for  different  applications,  for  example 
for  memory  systems  or  MIS-structures  formation. 


Controllable  operating  on  zone  bending  permits  to 
create  planar  electronic  devices  with  optimal 
characteri sties. 
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Vable  1 .Blaotrloal  featurea  of  hetaroatruoturea  baaed  on 
layers  of  a-C:H. 
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0!able  2. The  dependence  ot  heterostruoture  photoeleotromotive 
force  on  layer  thicknesa  of  a-C:H. 


Type  of 
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mvironment 
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0.28 

a-C:H  -  Si 
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03% 

0.27 

a-C:H  -  Si 
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0.15 

a-C:H  -  Si 

50 

^2 

0.12 

a-0:H  -  Si 
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0.22 

Table  3. The  dependence  of  denaity  tr^>a  NT  on  operating 
time  by  Ar  iona. 
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of  heterostructure. 
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ABSTRACT 

Polycrystalline  diamond  films  have  been  doped  by  ion  implantation  with 
nitrogen,  boron,  lithium,  and  hydrogen.  Secondary  ion  mass  spectroscopy 
(SIMS)  was  u$^  to  determine  the  chemical  content  of  these  films  and  to 
follow  their  diffusion  during  thermal  processing.  We  have  determined  that 
grain  boundary  diffusion  of  lithium  occurs  at  lOOffC  suggesting  that  it  is 
unsuitable  for  use  as  an  n-type  dopant  in  polycrystailine  diamond.  We  have 
compared  the  hydrogen  concentration  measurements  to  electrical  data.  A 
qualitative  comparison  of  the  SIMS  data  with  device  electronic  behavior  is 
consistent  although  quantitatively  most  of  the  incorporated  hydrogen  is 
electrically  inactive.  The  electrical  behavior  of  all  measured  ion  implants 
was  dominated  by  conductive  defects  that  appeared  to  be  lattice  damage 
related. 


INTRODUCTION 


Diamond  films  have  a  broad  range  of  electronic  applications  which  depend  critically 
on  the  ability  to  control  the  impurity  content  of  the  de^sited  layers.  While  most  of  the 
potential  applications  of  diamond  require  a  versatile  range  of  both  n-type  and  p-type 
dopants,  most  documented  dopant  behavior  is  restricted  to  nitrogen  and  boron  found  in 
naturally  occurring  diamond!  1).  Ion  imulantation  is  a  technique  that  allows  for  the  precise 
metered  introduction  of  a  wide  variety  of  dopants  into  both  single  crystal  and 
polycrystalline  diamond(2).  The  electrical  behavior  of  potential  n-type  dopants  such  as 
lithium  and  residual  hydrogen  have  been  shown  to  be  complex(3-S).  Through  the 
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ajrolication  of  known  ion  implants  we  were  able  to  use  secondary  ion  mass  spectrometry 
(SIMS)  to  measure  diffusion,  in  situ  incorporation  and  implant  behavior  of  nitrogen, 
boron,  lithium  and  hydrogen. 


EXPERIMENTAL 

The  unintentional  dopant,  hydrogen,  has  been  shown  to  be  extremely  electrically 
active(3,4).  Figure  1  plots  the  current  voltage  characteristics  of  two  diamond  capacitors. 
The  films  used  in  these  devices  were  grown  with  oxygen  containing  precursors  of  differing 
concentration.  The  curves  in  Fig.  1  show  characteristics  obtained  on  the  as-grown  films, 
after  a  600°C  inert  anneal  and  a  4O0PC  hydrogen  plasma  anneal.  From  the  figure  it  can  be 
seen  that  the  major  affect  of  the  different  ^wth  conditions  is  on  the  as-grown  resistivity 
and  that  after  a  600°C  anneal  very  little  mfTerence  remains.  Figure  2  plots  the  leakage 
current  of  an  annealed  capacitor  as  a  function  of  temperature  up  to  4(X)°C.  After  annealing 
these  films  are  very  stable  and  have  been  measured  up  to  temperatures  as  high  as 
1200®C(6). 

Figure  3  is  a  plot  of  the  SIMS  depth  profiles  of  two  different  films,  grown  with 
and  without  oxygen  precursors  and  anneal^  at  different  temperatures.  From  these  plot'  no 
hydrogen  movement  can  be  seen  except  at  13S0°C.  None  of  the  lev  temperature  anneals 
produced  measurable  movement.  Figure  4  shows  a  depth  profile  of  a  2H  implant  into  a 
fme  grain  diamond  film  that  shows  much  faster  hydrogen  diffusion  at  ISSO^C.  Figure  4 
also  shows  diffusion  of  a  boron  implant  at  DSO^C.  The  kinetics  of  the  electrical  behavior 
of  hydrogen  also  are  faster  on  fine  grain  diamond(4,5).  The  lack  of  any  diffusion  tail 
suggests  that  the  electrical  instabilities  related  to  hydrogen  are  unrelated  to  grain  boundary 
diffusion  and  are  likely  a  bulk  effect.  This  also  supests  hydrogen  is  only  electrically 
active  in  the  bulk  and  not  at  grain  boundaries.  Quantitative  measured  chemical  hydrogen 
concentrations  of  SxlOl^cm'^  are  much  higher  than  the  electrically  active  hydrogen  levels 
of  lxlOlOcm'3.  The  absence  of  grain  boundary  diffusion  of  hydrogen,  and  also  boron, 
was  not  expected. 

From  the  SIMS  data  shown  in  Hg.  3  the  small  reduction  in  hydrogen  concentration 
can  be  attributed  to  oxygen  containing  growth  precursors.  This  difference  is  also  many 
orders  of  magnitude  different  than  the  electrical  activity  differences  shown  in  Fig.  1.  The 
deuterium  implant  is  used  to  increase  the  dynamic  range  of  the  measurement  due  to  the 
background  hydrogen  concentration  of  6.0xl0*^cm'3  (340ppm). 

Figure  S  shows  SIMS  depth  profiles  of  lithium  and  sodium  annealed  at 
temperatures  up  to  13S0°C.  Lithium  diffuses  readily  at  1000°C  and  sodium  can  be  seen  to 
move  at  1350°C.  The  shape  of  the  profile  is  indicative  of  grain  boundary  diffusion  only,  as 
the  main  dopant  peak  is  unaffected.  These  dopants  would  not  be  desirable  for 
polycrystalline  material,  due  to  this  affect,  but  should  be  usable  for  single  crystal  devices. 
This  is  clearly  different  ffom  the  behavior  of  hydrogen  in  diamond  but  typical  of  other 
materials  such  as  boron  in  polycrystalline  silicon. 

Litliium  is  of  interest  as  an  interstitial  n-type  dopant  Lithium  activation  is  low  and 
its  use  has  been  problematic  due  to  erratic  electrical  behavior(3).  We  believe  that  the 
electrical  anomalies  in  lithium  dc^ed  pclycrystalline  diamond  are  due  to  a  large  segregation 
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of  lithium  to  the  grain  boundaries  as  evidenced  by  the  large  diffusion  “tail”  after  anneal 
shown  in  Fig.  4. 

Table  1  lists  the  measured  resistivity  of  the  implants  used  in  this  study  when 
implanted  into  an  ir.  situ  boron  doped  polycrystalline  diamond  layer..  All  the  implants  were 
annealed  in  nitrogen  at  1  ISO^C  before  electrical  and  Raman  measurements  were  performed. 
In  all  cases  the  implanted  layers  were  conductive.  Figure  S  shows  the  Raman  spectra 
measured  on  the  implanted  annealed  samples.  Only  the  phosphorus  implant  product  any 
change  in  the  Raman  spectra.  As  the  diamond  layers  are  much  thicker  than  the  implant  this 
effect  was  due  to  the  implanted  layer  being  highly  opaque.  This  was  verified  by  removing 
the  implanted  layer  and  remeasuring.  All  the  implant^  layers  were  visibly  discolored  by 
the  implant. 


Table  1.  Implanted  layer  resistivities  for  various  species 


Implanted 

Soecies 

Implant 

Energy 

Implant 

Dose 

Resistivity 

fQ-cml 

N 

160  keV 

3x1015  cm’2 

0.0454 

H 

SOkeV 

2x1015  cm*2 

0.0908 

Li 

100  keV 

3x1014  cm’2 

0.0681 

P 

200  keV 

1x10^4  cm*2 

0.00681 

Table  2  lists  data  on  phosphorus  implantation  showing  the  dependence  on  boron 
doping  and  implant  dose.  It  was  found  that  the  implant  conductivity  was  higher  as  the 
substrate  conductivity  increased.  It  was  also  found  that  for  the  phosphorus  implants  at  the 
higher  doses  the  layer  conductivity  decreased.  Diodes  were  made  from  all  the  boron  doped 
diamond  layers  implanted  with  the  above  tabulated  species.  No  simple  diode  behavior  was 
observed  for  any  of  the  implants. 

From  the  electrical  data  it  appears  that  all  the  implanted  film  properties  are 
dominated  by  a  conductive  damage  related  diamond  defect  similar  to  that  induced  by  laser 
d^age(7).  This  is  thought  to  be  a  diamond  defect  due  to  its  diminishing  effect  as  the 
diamond  lattice  is  destroyed  as  evidenced  by  the  dose  dependence  of  the  phosphorus 
implants  with  simultaneous  reduction  in  the  lattice  Raman  signal. 
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Table  2.  Phosphorus  implanted  layer  resistivities  ( 200keV  energy) 


B-layer 

Resistivity 

Implant 

Dose 

Resistivity 

(D-cm) 

0.225 

IxlO^^cm'^ 

0.00681 

0.225 

1x10^5  cm‘2 

0.00908 

1.96 

1x10^^  cm'2 

0.0114 

1.96 

1x10^^  cm'2 

0.136 

CONCLUSIONS 

Ion  implantation,  SIMS  and  electrical  resistivity  measurements  have  been  used  to 
investigate  hydrogen  in  polycrystalline  diamond  films  as  a  function  of  annealing.  It  has 
been  shown  that  hydrogen  diffusion  at  high  temperatures  occurs  in  the  bulk  grains 
unaffected  by  grain  boundaries  similar  to  the  hydrogen  electrical  activity  at  low 
temperatures.  It  was  not  possible  to  see  chemical  diffusion  at  low  temperatures  but  due  to 
the  hydrogen  chemical  concentration  of  5xlO*^cm*3  exceeding  the  electrical  concentration 
of  lxlOlOcm'3  (from  the  hydrogen  treated  resistivity)  it  was  not  possible  to  directly 
measure  this  effect.  The  electrical  properties  of  H^i^*  and  N  ion  implanted  diamond  films 
was  dominated  by  conductive,  damage  related  defects  and  does  not  appear  to  result  in 
simple  dopant  behavior. 
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Figure  1.  Current  voltage  characteristics  of  two  diamond  capacitors.  Both  films  are 
grown  with  oxygen  containing  precursors  of  diffciient  concentrations.  Oxygen  strongly 
controls  the  as-grown  resisitivity  but  only  has  little  affect  on  the  hydrogen  plasma  treated 
value  or  the  thermally  stable  annealed  resistivity. 


1000/T 

Figure  2.  Leakage  current  versus  inverse  temperature  for  a  diamond  insulator.  After  an 
initial  low  temperature  anneal,  the  insulating  properties  of  the  diamond  films  are  very  stable 
at  elevated  temperatures  as  shown  in  this  figure  up  to  400°C  and  in  Ref.  S  to  I200°C. 
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Figure  4.  SIMS  depth  profiles  of  boron  and  deuterium  implants  before  and  after  a  1350®C 
anneal.  This  sample  had  a  much  smaller  grain  sire  than  the  samples  in  Fig.3. 
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Figure  5.  SIMS  depth  profile  of  a  lithium  implant  into  polycrystalline  chemical  vapor 
deposited  diamond  both  before  and  after  anneals  compared  with  similar  profiles  for  sodium 
implanted  diamond. 
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Figure  6.  Four  Raman  spectra  of  diamond  films  singly  implanted  with  hydrogen,  lithium, 
nitrogen  and  phosphorus  respectively.  The  1332  cm'l  peak  indicative  of  diamond  is 
observed  in  the  hydrogen,  lithium  and  nitrogen  implanted  films,  but  not  in  the  phosphorus 
implanted  film. 
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ABSTRACT 

Natural  type  Ila  (insulating)  diamonds  were  implanted  at  liquid 
nitrogen  temperature  with  either  boron  or  carbon  plus  boron.  Van 
der  Pauw  resistivity  and  Hall  effect  measurements  as  a  function  of 
temperature  were  used  to  determine  the  effect  of  the  impla.itation,  in 
comparison  with  the  unimplanted  side  of  the  sample.  Implantation 
with  carbon  plus  boron  resulted  in  a  carrier  concentration  more  than 
an  order  of  magnitude  greater  than  that  resulting  from  implantation 
with  boron  alone,  but  with  a  much  lower  hole  mobility. 


INTRODUCnON 


Previous  attempts  to  utilize  ion  implantation  to  introduce  electrically  active  dopants 
into  semiconducting  diamond  have  yielded  inconsistent  results  [1-3],  primarily  because  the 
implantation  produces  a  variety  of  damage  mechanisms  in  the  diamond  lattice.  In  addition 
to  the  vacancy  and  interstitial  defect  centers  common  to  other  materials,  diamond  has  an 
additional  damage  mechanism  due  to  the  transformation  of  the  tetrahedrally  bonded  diamond 
lattice  to  a  carbon  lattice  consisting  of  graphitic-type  bonds.  These  graphitic  layers  may  show 
electronic  conduction  similar  to  that  of  an  n-type  layer.  Removal  of  the  damaged  layer  is  a 
non-trivial  task,  but  was  accomplished  in  [3],  Analysis  of  the  effects  of  implantation  is  also 
greatly  complicated  by  the  wide  variations  in  electrical  properties  observed  in  natural  diamond. 
An  arbitrary  designation  of  resistivity  is  used  to  separate  natural  diamond  into  insulating  type 
Ila  diamond  and  semiconducting  type  lib  diamond,  but  the  resistivity  values  range  continu¬ 
ously  over  several  orders  in  magnitude.  Several  other  complications  may  arise  in  the  electrical 
characterization  of  diamonds,  including  the  role  of  hydrogen  [4],  adsorbed  gases  [5,6],  and 
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possible  photoconductivity  contributions  [7].  In  ^ite  of  these  difficulties,  many  authors  have 
attempted  to  draw  conclusions  baseo  on  a  comparison  of  the  relative  temperature  dqien- 
dencies'  of  the  resistance  of  two  different  diamond  samples,  one  implanted,  one  not. 

Pnns  [1]  proposed  a  technique  which  allows  controllable  doping  of  diamond  via  ion 
implantation.  Tliis  technique  requires  that  implantation  be  earned  out  with  the  diamond  held 
atatemperature  low  enough  to  reduce  the  diffiisionalmotionofboth  vacancies  and  interstitials 
produced  in  the  collision  cascade.  The  result  is  a  hi^  doisity  of  vacancies  and  interstitials 
in  close  proximity.  Dopant  atoms  are  then  implanted  into  this  layer  of  "frozen*  vacancies  and 
interstitials.  Subsequent  annealing  at  a  tmperature  high  enough  to  allow  diffusion  of  the 
interstitials  and/or  the  vacancies  results  in  recombination  of  the  vacancies  with  both  the 
self-interstitials  and  the  dqurnt  interstitials.  The  implanted  layer  then  contains  substitutional 
dopants  with  a  low  level  of  residual  radiation  damage.  Prins  [1],  and  Sandhu  et  al.  [8]  have 
verified  this  technique  using  resistance  measurements  as  a  fimetion  of  temperature  to 
determine  activation  energies. 

In  this  paper,  we  describe  a  system  to  allow  resistivity  and  Hall  effect  measurements  to 
be  made  as  a  function  of  temperature  in  an  inert  ambient  This  allows  a  direct  measurement 
of  both  the  net  carrier  concentration  and  the  temperature  dependence  of  the  mobility.  As 
noted  in  a  previous  work  [9],  a  comparison  of  results  between  the  front  and  back  sides  of  the 
same  thin  (0.2S  mm)  diamond  slice,  with  only  one  side  having  been  implanted,  can  essentially 
eliminate  sample  to  sample  variation.  By  also  carrying  out  the  measurements  in  a  purified 
argon  ambient,  with  a  pre-measurement  heat  treatment,  we  believe  extraneous  conductivity 
due  to  adsorbed  gases  or  other  effects  are  minimized.  Ihus,  we  are  better  able  to  observe 
the  net  diange  in  the  electrical  transport  due  to  the  implant 


EXPERIMENTAL  PROCEDURE 


Ihe  starting  material  consbted  of  two  natural  semi-insulatirg  (type  Da)  diamonds,  S 
mm  X  5  mm  x  0.25  mm  in  size.  One  sample  was  implanted  with  boron  ions  at  77  K  using  a 
multiple  implant  scheme  (25  keV,  x  lOM  50  keV,  2.1  x  lOM  B*/cnfl;  and  100 

keV,  3.0  X 101*  B''’/cm2)  intended  to  provide  an  approximately  uniformly  doped  p-type  layer 
of  about  210  nm  (as  verified  by  SIMS  on  a  similar^  implanted  sample)  in  thickness.  The 
second  sample  was  first  implanted  with  carbon  ions  at  77  K  using  a  similar  multqrle  implant 
scheme  (30  keV,  1.5  x  lOM  C+/cm2;  60  keV,  2.1  x  lOM  C+/cm2;  and  120  keV,  3.0  x  lOi* 
C'*’/cm2),  immediately  followed  by  a  boron  implantation  identical  to  that  of  the  first  sample. 
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After  implantation,  the  diamonds  were  removed  from  the  cold  stage  and  annealed  at  990”C 
for  10  minutes  in  dry  nitrogen  to  remove  implantation  damage  and  activate  the  implanted 
boron. 

The  diamonds  were  then  cleaned  by  etching  in  a  boiling  saturated  solution  of  chromic 
oxide  (Cr203)  in  sulfuric  acid.  The  purpose  of  the  etch  was  to  remove  any  graphitized  layer 
which  might  have  formed.  The  diamonds  were  then  rinsed  in  deionized  water,  boiled  in 
acetone,  and  then  rinsed  with  methanol.  After  the  methanol  rinse,  the  diamonds  were  blown 
dry  using  dry  nitrogen  and  loaded  into  an  ultra-high  vacuum  chamber  for  ohmic  contact 
metallization.  The  base  pressure  of  chamber  was  approximately  1x10^  Torr.  Contacts  were 
deposited  on  the  sample  comers,  and  were  defined  using  a  stainless  steel  shadow  mask.  The 
contact  metallization  consisted  of  100  A  of  mofybdenum  deposited  by  electron  beam  evap¬ 
oration,  followed  by  1500  A  of  gold  deposited  from  a  resistively  heated  boat.  After  removal 
from  the  vacuum  chamber  the  samples  were  baked  at  120*C  for  20  minutes,  then  loaded  into 
a  furnace  and  annealed  in  a  dry  hydrogen  ambient  (dew  point  <  -60°C)  for  6  minutes  at  960°C. 

A  schematic  outline  of  the  high  temperature  van  der  Pauw  resistivity  and  Hall  effect 
measurement  apparatus  is  shown  in  Figure  1.  A  great  deal  of  care  was  taken  to  control  the 
ambient  to  which  the  diamonds  were  exposed  at  high  temperature.  High  purity  argon  was 
generated  and  fed  into  the  system  to  maintain  a  dew  point  of  less  than  -1 1S°C.  The  system 
as  originally  described  [8]  utilized  a  ceramic  chip  carrier,  with  a  stainless  steel  support 
structure,  and  was  used  to  measure  the  sample  implanted  with  boron  only  up  to  a  temperature 
of 600*C.  At  high  temperatures  this  combination  was  found  to  leave  a  film  of  contamination 
on  the  surface  of  the  diamond.  As  a  result,  we  have  rebuilt  part  of  the  system  to  leave  only 
quartz,  the  diamond,  and  copper  and  gold  electrical  connections  in  the  annealing  ambient, 
with  the  copper  wires  sheathed  in  quartz  capillary  tubing.  The  temperature  was  monitored 
via  a  thermocouple  inserted  in  a  socket  below  the  sample  platform.  This  system  was  used  to 
measure  the  sample  implanted  with  carbon  plus  boron  up  to  a  maximum  temperature  of 
70(rc. 

RESULTS  AND  DISCUSSION 


Shown  in  Fig.  2  is  the  net  carrier  concentration  plotted  as  a  function  of  inverse  tem¬ 
perature  for  the  sample  implanted  with  carbon  plus  boron.  We  measured  the  carrier  con¬ 
centration  both  as  temperature  was  increased  and  as  temperature  was  reduced.  The  results 
presented  here  were  obtained  only  after  annealing  at  a  temperature  of  375''C  in  the  argon 
ambient  of  the  measurement  system  to  stabUize  measured  data.  This  was  found  to  be  necessary 
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to  obtain  data  which  did  not  drift  upv'ards  with  time  for  the  samfde  implanted  with  boron 
only.  An  additional,  similar  effect  seemed  to  occur  at  a  second,  higher  temperature  with  the 
carbon  plus  boron  implanted  sample.  Note  that  the  curve  generated  as  the  temperature  was 
decreased  does  not  match  the  curve  generated  as  the  temperature  was  increased.  Upon 
inaeasing  temperature  a  second  time,  however,  the  carrier  concentration  data  retraced  the 
'temperature  falling”  curve.  The  carrier  mobility  for  this  layer,  shown  in  Fig.  3,  exhibits  a 
similar  effect.  The  reason  for  this  benavior  is  not  clear  at  the  present  time,  but  might  be  due 
to  the  desorption  of  a  gaseoi  is  impu'‘*iy  at  hi^  temperature.  Because  the  'temperature  falling" 
curves  appear  to  be  reproducible,  we  use  them  for  comparison  with  the  layer  implanted  with 
boron  alone. 

Plotted  in  Figs.  4  and  S  respectively  are  the  sheet  carrier  concentrations  and  the 
mobilities  as  a  function  of  inverse  ’  mperature  for  the  implanted  sides  of  the  samples 
implanted  with  boron  and  carbon  plus  boron.  Measurement  of  these  properties  on  the 
unimplanted  side  of  each  sample  (not  shown  here)  allows  us  to  directly  compare  the  two 
different  samples.  Clearly,  there  is  a  much  greater  activation  efficiency  for  the  sample 
implanted  with  carbon  plus  boron  (approximately  1%  versus  0.1%  for  the  layer  implanted 
with  boron  onfy).  Note,  however,  that  the  sample  implanted  with  carbon  plus  boron  has  a 
lower  mobility  and  a  lower  temperature  dqiendence  than  that  implanted  with  boron  only. 
Since  the  boron  dose  is  equivalent  in  the  two  samples,  this  may  be  an  indication  of  greater 
residual  damage  due  to  the  additional  carbon  dose.  This  can  be  checked  by  comparing  samples 
with  the  same  total  implantation  dosage,  i.e.  the  total  dose  of  carbon  plus  boron  ions  implanted 
in  one  sample  should  be  equal  to  the  boron  dose  implanted  in  the  other  sample.  According 
.0  Prins  [10]  activation  of  boron  is  more  efficient  in  samples  implanted  with  carbon  plus  boron, 
implying  that  it  might  be  possible  to  have  a  higher  carrier  concentration  than  that  in  the  sample 
implanted  with  boron  alone,  but  without  a  reduction  in  carrier  mobility.. 

We  have  also  fabricated  an  insulated  gate  field  effect  transistor  (IGFET)  on  the  sample 
implanted  with  boron  only  111].  Assuming  that  the  implantation  is  roughly  uniform  over  a 
layer  tliickness  of  approximately  2100  A,  we  obtain  a  volume  carrier  concentration  of  about 
2x  lO^Von^-  device  geometry  was  chosen  to  provide  data  without  requiring  a  mesa  etch. 

It  consisted  of  a  central  drain  contact  400  urn  in  diameter,  with  concentric  200  nm  gate  and 
source  contacts  1000  nm  and  1600  pm  in  outer  diameter,  respectively.  The  source  and  drain 
contacts  consisted  of  a  10  nm  molybdenum/160  run  gold  bilayer  structure  described  elsewhere 
[12].  Tlie  gate  insulator  was  an  Si02  film  approximately  100  nm  thick  deposited  by  indirect 
plasma  enhanced  chemical  vapor  deposition  at  SOCC,  and  the  gate  metal  consisted  of  a  10 
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nm  titaniuin/160  nm  gold  bilayer  structure.  Current  saturation  was  observed  with  gate  bias 
ranging  from  zero  volts  up  to  pinch-off  at  a  gate  bias  of  approximately  12  volts.  The  trans¬ 
conductance  was  measured  to  be  6.9  pS/mm. 


CONCLUSIONS 


We  have  verified  the  technique  proposed  by  Prins  [10]  for  increasing  the  activation  of 
boron  in  diamond  by  direct  measurement  of  carrier  concentration  and  mobility  as  a  function 
of  temperature.  The  use  of  a  carbon  pre-implant  resulted  in  a  carrier  concentration  more 
than  an  order  of  magnitude  greater  than  that  without  the  carbon  implant,  for  equal  doses  of 
boron.  There  was,  however,  a  degradation  observed  in  the  mobility  for  the  sample  implanted 
with  the  carbon.  The  layer  implanted  with  boron  only  was  be  used  to  fabricate  an  IGFET 
with  excellent  characteristics. 
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Figure  1.  Schematic  outline  of  the  high  temperature  Hall  effect  measurement  system. 
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Figure  2.  Log  of  the  free  carrier  concentration  versus  inverse  temperature  for  the  layer 
implanted  with  carbon  plus  boron  as  the  temperature  was  increased,  and  as  the  temperature 
wasdeaeased. 
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Figure  3.  Carrier  mobility  versus  inverse  temperature  for  the  layer  implanted  with  carbon 
plus  boron  as  the  temperature  was  increased,  and  as  the  temperature  was  decreased. 
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Figure  4.  Log  of  the  free  carrier  concentration  versus  inverse  temperature  for  the  layer 
implanted  with  carbon  plus  boron  as  the  temperature  was  decreased  and  for  the  layer 
implanted  with  boron  alone. 
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Figure  5.  Carrier  mobility  versus  inverse  temperature  for  the  layer  implanted  with  carbon 
plus  boron  as  the  temperature  was  decreased  and  for  the  layer  implanted  with  boron  alone. 
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ABSTRACT 

The  ability  to  fabricate  thin,  doped  diamond  films  is  essential  to  the 
development  of  diamond  semiconducting  devices.  Boron  doped 
polycrystalline  diamond  films  as  thin  as  3.3nm  have  been  grown  by  plasma 
assisted  CVD  and  characterized.  Electrical  measurements  indicate  that  the 
thin  doped  films  behave  similarly  to  bulk  layers  as  far  as  resistivity  and 
temperature  dependence.  By  controlling  the  surface  roughness  and 
nucleation  it  is  possible  to  grow  thin  diamond  layers  with  uniform 
properties. 


INTRODUCTION 

Successful  utilization  of  diamond  as  a  semiconductor  despite  the  lack  of  shallow  p- 
type  dopants  requires  the  innovative  use  of  boron  acceptors.  The  acceptor  level  of  boron  is 
0.38cV  above  the  valence  band(l)  which  is  quite  deep  compared  to  other  semiconductors. 
However,  when  a  diamond  layer  is  heavily  Iraron  doped  the  observed  activation  energy  is 
smaller  and  more  acceptable  for  device  design  considerations.(2)  One  problem  with  the 
heavily  doped  layers  is  the  large  number  of  charges  present  which  would  limit  device 
performance.  Thin,  heavily  dopi^  layers  would  have  both  a  lower  activation  energy  and  a 
small  number  of  charges  making  them  ideal  for  use  in  semiconducting  diamond  devices. 

EXPERIMENTAL  RESULTS 

Thin  film  ^wth  of  CVD  diamond  is  problematic  due  to  the  difficulties  involved  in 
controlled  nucleation  of  both  single  costal  and  polycrystalline  layers.  The  diamond  films 
studied  in  this  work  were  polycrystaliine  in  nature  with  grain  sizes  ranging  from  200nm  to 
1  ^m.  Control  of  the  nucleation  mechanisms  during  growth  allows  for  continuous  films  to 
be  grown  which  are  much  thinner  than  the  grain  size.  Figure  1  is  an  SEM  cross-sectional 
micro^aph  of  a  boron  doped  diamond  layer  120  nm  thick  sandwiched  between  two 
insulating  diamond  layers.  The  interface  between  the  insulating  and  boron  doped  ^amond 
is  abrupt  and  planar  illustrating  the  possibility  of  thin  layer  growth.  SEM  cross-sectional 
micro^phs  of  two  other  boron  doped  diamond  films  are  shown  in  Figs.  2  and  3.  These 
layers  arc  60nm  and  38.5nm  resp<«tively  and  are  shown  at  50k  magnification.  Films  as 
thin  as  3.3nm  were  grown  and  their  presence  confirmed  through  electrical  measurements 
but  good  SEM  micrographs  of  these  ^nnest  layers  could  not  be  obtained. 


A  comprehensive  study  of  the  electrical  propenies  of  thin  and  bulk  boron  doped 
polycrystalline  diamond  films  was  performed  to  test  the  thickness  scalability  of  diamond 
la]^rs.  The  films  studied  weie  grown  by  plasma  assisted  CVD  and  were  doped  in-situ 
using  diborane  gas.  Both  bulk  layers  with  diicknesses  of  1  to  2  pm  and  thin  films  of  3.3- 
120nm  were  grown  with  doping  concentrations  ranging  from  SxlOl^/cm^  -  2xl02Vcm3. 
Several  of  the  films  were  andyi^  using  SIMS  to  determine  the  chemical  concentration  of 
boron  present  and  to  calibrate  the  gas  flow  parameters.  The  SIMS  measurements  were 
successful  only  for  those  boron  doped  films  grown  on  very  smooth  polycrystalline 
diamond.  Otherwise  the  boron  si^al  was  smeared  due  to  the  wavy  nature  of  the 
polyciystalline  films. 

Fot  all  samples  resistivity  was  measured  as  a  function  of  temperature  over  the  range 
300K  to  6S0K.  Rgim  4  is  a  graph  of  resistivity  vs.  lOOO/Temperature  for  several  samples 
with  different  doping  concentrations  but  similar  thicknesses.  The  resistivity  vs. 
temperature  data  was  nt  with  a  full  Fermi  analysis  which  allows  for  degenerate  conditions, 
so  as  to  determine  the  acceptor  ener^.  The  acceptor  energy  was  found  to  be  inversely 
related  to  the  acceptor  concentration  i.e.,  with  higher  doping  the  boron  level  is  at  a  lower 
energy.  The  thin  films  exhibited  similar  electrical  behavior  and  variation  with  doping  as  the 
bulk  layers.  Figure  3  is  a  graph  of  sheet  resistance  vs.  lOOO/Temperature  for  three  samples 
of  similar  doping  but  different  thicknesses.  The  sheet  resistance  of  the  films  with  the  same 
doping  scales  with  thickness  as  one  would  expect  and  confirms  the  uniformity  of  the  films 
as  thin  as  lOnm. 

Several  diamond  films  of  thicknesses  ranging  from  3.3nm  to  1pm  were  grown 
using  a  lOOOppm  B2H6/CH4  ratio  and  a  lOOppm  B2H6/CH4  ratio.  The  sheet  resistance 
of  these  films  was  measured  and  is  plotted  as  a  function  of  layer  thickness  in  Figs.  6  and  7. 
The  variation  of  sheet  resistance  witii  layer  thickness  is  linear  with  some  noise  and  indicates 
that  the  thin  films  are  behaving  as  expected.  Also,  several  diamond  films  were  grown  with 
the  same  thickness  of  lOnm  using  various  B2H6/^4  ratios.  This  data  is  plotted  in  Figure 
8.  There  is  a  linear  relationship  between  the  sheet  resistance  of  the  thin  layers  and  the 
boron  doping.  This  result  shows  that  even  at  thicknesses  of  lOnm  it  is  possible  to  control 
the  electrical  properties  of  the  layer  by  controlling  the  dibtnane  to  methane  ratio.  F  igure  9 
is  a  plot  of  the  resistivity  of  both  thick  and  thin  samples  as  a  function  of  boron  doping  and 
shows  that  the  electrical  properties  of  the  layer  can  be  controlled  by  controlling  the  diborane 
to  methane  ratio. 


CONCLUSIONS 

We  have  successfully  ^wn  boron  doped  diamond  layers  as  thin  as  3.3nm.  The 
electrical  behavior  of  these  thin  diamond  layers  is  readily  controlled  and  scales  with 
thickness.  Heavily  boron  doped,  thin  diamond  layers  are  advantageous  since  they  have  a 
lower  activation  energy  than  Ughtly  doped  layers  ^  have  a  small  total  charge.  The  ability 
to  fabricate  thin,  doped  diamond  films  is  essential  to  the  development  of  diamond 
semiconducting  devices. 
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Figure  1.  SEM  cross-sectional  micrograph  of  a  boron-doped  diamond  layer  sandwiched 
between  insulating  diamond  layers  ^wn  on  Si.  A  Si  cap  has  been  added  to  enhance 
contrast  and  an  oxidation  process  delineates  the  interface  between  the  doped  and  undoped 
diamond.  The  boron  doped  layer  in  this  sample  is  120nm  thick. 


Figure  2.  SEM  cross-sectional  micrograph  of  a  boron-doped  diamond  layer  between  two 
insulating  diamond  layers.  A  Si  cap  has  been  added  to  enhance  contrast  and  an  oxidation 
process  was  used  to  delineate  the  interface  between  the  doped  and  undoped  diamond.  The 
boron  doped  layer  is  6Gnm  in  this  sample. 
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Figure  3  SEM  cross-sectional  micro^ph  of  a  boron-doped  diamond  layer  between  two 
insulating  diamond  layers  grown  on  Si.  A  Si  cap  has  been  added  to  enhance  contrast  and 
an  oxidation  process  was  used  to  delineate  the  interface  between  the  doped  and  undoped 
diamond.  The  boron  doped  layer  is  38.5nm  in  this  sample. 


Figure  4.  Graph  of  resistivity  vs.  lOOO/T  for  several  diamond  layers  with  different  boron 
amcentradons  but  similar  thicknesses.  As  the  concentration  of  acceptors  decreases  the 
acdvadon  energy  of  the  boron  acceptor  increases. 


593 


1.5  2  2.5  3  3.5 


1000/T  (K'^) 

Figure  5.  Graph  of  sheet  resistance  vs.  lOOOA'  for  three  samples  of  similar  doping  but 
different  thickness.  The  slope  for  these  three  thicknesses  is  similar,  indicating  the 
activation  energy  is  the  same,  but  the  resistance  scales  with  the  thickness,  as  expected. 


Thickness  (nm) 

Figure  6.  Log-log  graph  of  sheet  resistance  vs.  thickness  for  several  samples  grown  with  a 
lOOOppm  B2H6/CH4  ratio.  For  similar  doping  the  sheet  resistance  should  increase  as  the 
thickness  decreases. 
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resistance  vs.  thiclmess  for  several  samples  grown  with  a 
lUUppm  B2H6/CH4  ratio.  The  sheet  resistance  is  linear  with  thickness,  as  expected  and 
the  values  are  larger  than  for  the  heavier  doped  samples  shown  in  Fig.4 . 


B2H6/CH4 

Figure  8.  ^g-log  plot  of  the  sheet  resistance  of  several  samples  of  similar  thickness  as  a 
tunction  of  boron  doping.  The  data  shows  a  linear  dependence,  with  the  most  heavily 
doped  samples  having  the  lowest  sheet  resistance. 


B2H6/CH4  ppm 


resistivity  of  several  boron  doped  diamond  layers  as  a 
R2H«  j  "  fairly  linear  with  an  upturn  in  resistivity  at  L  lower 

^undaiy^ctr*  consistent  with  grain 
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THE  GROWTH  AND  SOME  PROPERTIES  OP  DIAMOND  FILMS  OP  P-  ANi) 
N-TYPE  conductivity  obtained  by  crystallization  PROM  THE 
GAS  PHASE 

B.V.Spltayn  and  A.E.Alexenko,  Institute  of  Physical 
Chemistry  of  the  USSR  Academy  of  Sciences,  Leninsky 
Prospekt,  31,  Moscow  11791 5»  USSR 

Geometrical  and  energy  factors  determining  the 
entering  of  substitution  impurities  into  diamond 
lattice  are  analysed.  Doping  with  boron,  phosphorus, 
sulphur  and  lithium  are  realized  during  the  growth 
of  epitaxial  diamond  films  (DP)  on  (111)  face  of 
natural  diamond  by  high-gradient  chemical  gas-trans¬ 
port  reaction.  Semiconducting  p-type  DP  were  grown 
during  doping  with  boron  and  n-type  DP  -  during  the 
doping  with  phosphoarus  and  sulphur.  Doping  with 
lithium  does  not  decrease  the  reslstEU?.ce  of  D  . 

Ways  of  controlling  the  concentration  and  mobixrty 
of  carriers  in  DP  are  discussed. 


1 .  Introduction. 

The  discovery  and  development  of  the  methods  for  the 
diamond  synthesie,  from  the  vapour  phase  at  low  pressure 
opened  new  opportunities  for  preparation  of  dielectric 
DP  and  single  microcrystals.  At  the  same  time  the  range 
of  possibilities  for  control  of  structiire  and  properties 
of  different  diamond  materials  in  the  course  of  their 
synthesis  became  much  wider. 

Since  impurity-free  and  low-defective  diamond  is 
known  to  be  a  perfect  dielectric,  the  problem  of  desirable 
and  controllable  changing  of  electrical  resistance  of 
diamond  is  becoming  more  and  more  important.  Only  after 
the  appropriate  solution  of  this  problem  diamond-based 
*  electronic  devices  of  a  more  sophisticated  design  may  be 

I: 
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developed. 

-Obviously,  there  are  two  ways  for  tuning  electrioeO. 
properties  of  diamond.  The  first  way  is  producing  aelf- 
defects  (not  connected  with  impurites)  having  different 
dimensionality,  e.g. :-zero  (vacancies,  interstitials), 
unity  (dislocations),  -  unity  (dislocations),  -  two 
(tetrahedral  stacking  faults),  -  three  (microinclusions 
of  polytype  modifications  of  cubic  and  hexagoneil  diamond 
and/or  non-crystalline  carbon  with  tetrahedral  configura¬ 
tion  of  c£irbon  atoms). 

The  above  defects  may  be  generated  both  in  the 
course  of  DP  and  crystal  diamond  synthesis  and  by  some 
kind  of  post synthesis  treatment:  physical,  mechanical 
and,  possibly,  chemical. 

Introducing  impurities  into  diamond  lattice  is 
the  other  way  for  producing  electrically  controllable 
diamond.  Ion  implantation  is  a  well-known  technique  of 
diamond  doping.  However,  the  coorystallization  of  atomi¬ 
cally  dispersed  impurities  in  the  course  of  diamond 
crystallization  is,  obviously,  more  efficient.  We  have 
used  this  method  /I/  under  the  conditions  of  the  chemi¬ 
cal  gas-transport  reaction  /2/. 

The  epitaxial  growth  of  diamond  films,  first  dis¬ 
covered  and  studied  using  the  hlgh-teraperature  high- 
gradient  chemical  transport  reaction,  is  being 
investigated  now  using  a  number  of  other  methods  of 
activated  chemical  crystallization  of  diamond.  Along 
with  the  processes  of  growing  pure  (non-doped)  DP  the 
processes  of  producing  semiconducting  diamond  films 
acquire  special  importance.  Their  development  may  cont¬ 
ribute  largely  to  the  use  of  DP  in  solid-state  electro¬ 
nic  devices  of  further  generations. 

Our  works  on  the  synthesis  of  non-doped  single  and 
polycrystalline  DP  were  followed  by  an  experimental  study 
of  their  doping  in  the  process  of  crystallization.  The 
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Use  of  the  chemical  transport  reaction  made  it  possible 
to  introduce  ready-made  gaseous  dopants,  as  well  as  to 
produce  them  directly  in  the  crystallization  zone. 

2.  Geometric  and  energy  factors  governiim  diamond 
doping. 

Despite  the  low  value  of  the  covalent  radius  of  the 

O 

carbon  atom  (0.77  A)  in  the  crystal  lattice  and  its  high 
rigidity  the  number  of  chemical  elements,  that  sure  able 
to  give  true  (equilibria!)  solid  solutions  in  diamond, 
is  rather  restricted.  Much  smaller  is  the  number  of  atom- 
dispersed  impurities,  that  may  produce  the  levels  of 
permitted  energy  in  the  energy  gap  equal  to  5.5  eV. 

A  general  consideration  of  the  resulting  equilibrium 
solid  solutions  shovild  be  accomplished  with  the  analysis 
of  both  geometrical  and  energy  factors.  The  data  necessary 
for  estimation  of  the  possibility  of  different  atoms  to 
enter  into  substitution  positions  are  presented  in  the 
table  below. 


TABLE 

Geometric  and  energy  parameters  of  some  single  bonds 
element-carbon 


Element 

Covalent 
radius 
r,  A 

Relative 
difference 
of  covalent 
radii 

x100,f» 

'c 

Bond  energy 

E-C,  koalMol 

C 

0.77 

0 

82.6 

B 

0.85 

+19 

89 

N 

0.70 

-9 

72.8 

S 

1.04 

+31 

62 

P 

1.10 

+43 

63 
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Prom  the  data  presented  in  the  table  it  follows  that 
atoms  of  impurity  elements  may  have  a  valency  n  not  equal 
to  four,  which  is  typical  of  carbon  atoms.  It  is  just  the 
case,  so  the  impurity  atom  in  the  substitution  position 
may  act  as  a  donor  (n  4)  or  an  acceptor  (n  4),  and  its 
bonding  with  the  surrounding  oeirbon  atoms  will  be  elec¬ 
tron-  exessive  or  electron-deficient,  respectively.  Ihus, 
the  energy  values  listed  in  the  table  may  be  considered 
to  be  a  rough  estimation.  However,  according  to  the  data 
of  the  table  it  la  possible  to  suggest,  that  the  intro¬ 
duction  of  such  impurities  as  nitrogen  and  boron  into 
the  diamond  lattice  be  energetically  favourable.  This 
actually  takes  place. 

3.  Doping  by  boron.  It  was  carried  out  under  the 
conditions  of  the  high-temperature  transport  reaction  in 
the  sandwich  system  graphite-hydrogen-diamond  /3/.  The 
temperature  of  the  graphite  source  of  carbon  ranged  from 
2000  to  2200‘’C,  and  the  temperature  of  the  substrate- 
a  diamond  seed  crystal  -  ranged  from  750  to  900®C..  The 
flat  parallel  gap  between  the  surface  of  the  source  and 
that  of  the  substrate  was  0.2-1. 5  mm,  the  total  pressure 
in  the  gas  phase  was  1 2  Torr.  The  doping  of  the  epita¬ 
xial  DP  by  boron  occurred  with  the  participation  of 
simple  cso'boranee  (HBCg  and  HgB-CH^)  forming  on  the 
surface  of  boron  doped  graphite  placed  outside  the  ther¬ 
mally  homogeneous  part  of  the  source  /3/.  The  resulting 
0.2-2  yWm  thick  epitaxial  DP  of  p-type  conductivity 
were  light-blue  and  blue,  which  was  due  to  the  absorp¬ 
tion  band  in  the  visible  region  related  to  the  presence 
of  impurity  boron  atoms  in  the  diamond  lattice  sites. 

The  growth  rate  of  highly  doped  DP  could  be  1.5-2  times 
as  much  as  that  observed  voider  the  same  conditions  of 
crystallization  for  non-doped  DP.  One  of  the  reasons  for 
the  increase  in  the  growth  rate  is  an  additional  carbon 
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flow  delivered  to  the  DF  by  the  oarboranes.  The  majclmum 
conductivity  of  the  films  and  concentration  of  boron  in 
them  were  5.10  Ohm  cm  and  2.6  aX,%,  respectively, 
exceed  greatly  the  respective  values  for  diamond  doped  by 
boron  obtained  by  other  methods.  She  mobility  of  the 
current  carriers  calculated  according  to  the  measured 
values  of  boron  concentration  in  the  DP  (7.6x10^^cm“^) 

p 

and  its  oonductlvity  at  300  K  could  be  equal  to  50  cm  /V.s. 

The  doping  of  both  single  crystal  and  polycrystal  DP 
was  also  carried  out  under  the  conditions  of  electrical 
activation  of  the  gas  phase.  Vapors  of  the  ready-made 
solid  compound  -  neocarborane  introduced  in 

the  crystalllzaticn  zone.  The  average  concentration  of 
boron  in  the  polycrystalline  DP  according  to  the  2PS 
data  was  0.1  at.^. 


4.  Doping  by  phosphorus,  if  only  the  geometric  (the 
covalent  radius  of  the  phosphorus  atom)  and  energy  (  the 
bond  energy  of  the  C-P)  factors  were  tedien  into  account, 
seemed  hardly  possible.  Nevertheless,  like  the  case  of 


doping  by  boron,  we  managed  to  obtain  positive  results 
using  the  chemical  transport  reaction  (fig.1).  Since 


volatility  of  phosphorus  is  very  high,  we  used  a  separate 


evaporator  to  introduce  its  vapor  in  the  crystallizing 
DP.  The  evaporator  was  placed  in  the  vicinity  of  the 


crystallization  zone.  Before  the  experiment  a  portion 
of  99«999%  red  phosphorus  was  introduced  into  the  eva¬ 
porator  (fig.1).  Changing  the  position  of  the  evapora¬ 


tor  with  respect  to  the  most  heated  peurb  of  the  graphite 


source,  we  fixed  the  required  temperature  of  the  evapo¬ 
rator  measured  using  a  thermocouple  (fig. 2).  The  resul¬ 


ting  colourless  epitaxial  DP  had  the  specific  conducti¬ 
vity  from  10”^  to  10“^  Ohm'*^om“^  and  the  activation 


energy  of  conductivity  E_  equal  to  0.11  and  0.04  at  the 
phosphorus  concentrations  in  DP  equal  to  0.01  and  1  wt.^. 
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respectively.  It  is  noteworthy,  that  at  high  levels  of 
doping  by  phosphorus  the  linear  rate  of  the  DP  decreased 
by  3  and  more  times  (fig. 3).  This,  imdoubtedly,  is  related 
at  least  partly  to  the  "dilution"  of  the  crystallization 
medium  by  phosphorus  vapors,  whose  partial  pressure  may 
amount  to  an  appreciable  share  of  the  total  pressure.  Ihe 
Seebeck  coefficient  measured  on  the  DP  doped  by  phosphorus 
was  equal  to  120  V/K.  Its  sign  points  to  formation  of 
semiconducting  diamond  with  n-type  conductivity. 

According  to  RBS-data  most  of  the  boron  and  phospho¬ 
rus  atoms  in  p-  and  n-type  DP  (at  a  doping  level  of  0.1 
at.^)  occupied  substitution  positions  in  the  diamond 
lattice.  As  regards  the  general  peculiarities,  it  is 
necessary  to  note,  that  the  distribution  coefficient  for 
impurity  in  vapour  and  diamond  phase  normally  is'v-i  for 
boron  and  1  for  phorphorus.  The  DP  obtained  recently 
by  M.Kamo  et  al.,  who  used  phosphine  PH^  as  a  source  of 
phosphorus,  have  much  lower  conductivity  of  about  10"^ 
Ohm"^cm"^.  Possibly,  the  higher  conductivity  of  our  DP 
is  due  to  a  relatively  low  concentration  of  bonded  hydro¬ 
gen  and/or  other  impurity  or  intrinsic  defects.  It  is 
rather  probable,  that  the  control  of  electrically  inactive 
impurities,  especially,  of  bonded  hydrogen  in  DP  disclosed 
the  route  to  more  efficient  doping  by  electrically  active 
impurities. 

5.  The  doping  of  DP  by  other  impurities  was  studied 
using  lithium  and  sulphur  as  an  example.  High  concentra¬ 
tions  of  lithium  (and  its  compounds)  introduced  into  the 
growth  medivun  by  the  evaporation  of  LiH,  did  not  lead  to 
an  apreciable  increase  in  conductivity  of  the  DP.  However, 
the  introduction  of  sulphur  vapors  in  the  gas  phase  allov/ed 
films  with  a  conductivity  of  10"^  -  10”^  Ohm'^om"^  and 
Ba=*0.17  eV  to  be  obtained.  The  difficulty  in  producing 
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ohmic  contacts  to  the  DP  doped  by  sulphur,  probably, 
points  to  n-type  conductivity  of  the  DP  doped  by  sulphur. 
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PRODUCTION  OF  LARGE-AREA  MOSAIC  DIAMOND  FILMS 
APPROACHING  SINGLE-CRYSTAL  QUALITY 


M.  W.  Oeis 

Lincoln  Laboratoiy,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173-9108 

H.  1.  Smith 

Department  of  Electrical  Engineering  and  Computer  Science 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

A  process  has  been  developed  to  obtain  large-area  mosaic  diamond  films 
approaching  single-crystal  quality.^  The  technique  includes  patterned  etching  of  structures 
in  Si  substrates,  deposition  and  orientation  of  diamond  seeds  in  the  structures,  and 
chemical  vapor  deposition  overgrowth  of  the  diamond  seeds  to  form  a  continuous  film. 
Patterned  etching  of  (lOO)-oriented  Si  substrates  is  performed  using  standard 
photolithography  to  obtain  90-/jm-squai«  etch  pits,  faceted  on  (1 1 1)  planes,  on  100-/im 
centers.  Commercially  available  (1 1  l)-faceted  diamond  seeds,  75  to  100  /im  in  diameter, 
are  deposited  on  the  patterned  substrates  and  become  fixed  and  oriented  in  the  etch  pits. 
From  optical  and  x-ray  characterization,  up  to  95%  of  the  pits  over  an  area  of  several 
square  centimeters  contained  diamond  seeds  OTiented  to  within  a  few  degrees  of  the 
substrate  crystallographic  axes.  An  example  distributimi  of  the  <100>  crystal  axes  of  the 
seeds  about  the  <100>  axis  of  the  Si  substrate  is  shown  in  Fig.  1.  After  deposition, 
homoepitaxial  diamond  is  grown  on  the  seeds  to  obtain  a  continuous  diamond  film. 

Figure  2  is  an  optical  micrograph  of  a  diamond-seeded  Si  substrate  before  diamond 
homoepitaxy,  and  Fig.  3  shows  a  seeded  sample  with  ~  240  fan  of  homoepitaxial 
diamond.  The  stepped  surface  of  the  continuous  film  is  the  result  of  variation  in  the  size  of 
the  diamond  seeds.  The  film  consists  of  single-crystal  diamonds  joined  by  low-angle  grain 
boundaries  of  a  few  degrees  or  less.  We  believe  that  such  grain  boundaries  will  not  affect 
the  electrical  properties  of  majority  carrier  devices,  since  similar  grain  boundaries  in  Si 
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films  do  not  affect  majority  earner  transistors.  The  crystalline  quality  of  these  diamond 
films  is  expected  to  improve  with  more  uniformly  shaped,  smoother-faceted  diamond  seeds 
and  with  growth  techniques  better  suited  for  coalescent  growth. 

Actaiowlcdgncnt 

This  work  was  supported  by  SDIO/OST  through  the  Office  of  Naval  Research. 


1. 


Reference 

M.  W.  Geis,  H.  I.  Smith,  A.  Argoit,  J.  Angus,  G.-H.  M.  Ma,  J.  T.  Glass, 
J.  Butler,  C.  J.  Robinson,  R.  Pryor,  Appl.  Phys.  Lett.  58,  2485  (1991). 


Fig.  1.  X-ray  diffraction  from  the  (4(X))  planes  of 
diamond  seeds  on  a  patterned  substrate  as  a  function 
of  the  angle  between  the  <400>  axis  of  the  Si 
substrate  and  the  axis  bisecting  the  primary  and 
diffracted  x-ray  beams.  The  tip  angle,  half  width  at 
half  the  maximum  x-ray  intensity,  is  ~  0.35®.  Thex- 
ray  diffraction  from  the  Si  substrate  is  intended  to 
show  the  resolution  of  the  system  and  is  not  to  scale. 
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CONSTRUCTION  AND  CHARACTERIZATION  OF  A 
DIAMOND  THIN  FILM  ANEMOMETER 
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ABSTRACT 

Diamond  films  prepared  by  chemical  vapor  deposition  are  finding  applications  in  a 
number  of  areas,  based  on  diamond’s  unique  combination  of  properties  such  as  high 
thermal  conductivity  and  hardness.  This  paper  describes  the  use  of  a  diamond  film  in 
a  gas  flow  sensor  that  operates  much  like  a  hot-wire  anemometer. 


INTRODUCTION 

New  applications  for  high  quality  polycrystalline  diamond  thin  films  are  now  possible  owing  to  recent 
developments  in  the  selective  deposition  of  diamond  on  silicon  (1-2).  One  application  under 
consideration  is  a  diamond  thin  film  sensor  suitable  for  measuring  gas  flow  in  corrosive  and  abrasive 
environments  (3).  The  proposed  gas  flow  sensor  utilizes  several  properties  of  diamond.  The  high 
thermal  conductivity  of  diamond  serves  to  carry  heat  from  a  heat  source  to  a  heat  sink.  Gas  flow 
across  the  surface  of  the  diamond  changes  the  heat  balance  established  in  the  diamond  and  these 
changes  are  detected  by  resistors  embedded  in  the  silicon  below  the  diamond.  The  high  electrical 
resistance  of  the  diamond  prevents  any  leakage  current  across  the  embedded  resistors.  Diamond’s 
hardness  adds  lifetime  to  the  sensor  in  corrosive  or  abrasive  environments. 

This  paper  summarizes  the  synthesis  and  characterization  of  a  first  generation  diamond  film  gas  flow 
sensor.  The  diamond  for  the  sensor  was  deposited  by  a  microwave  plasma  chemical  vapor  deposition 
technique.  Patterning  of  the  diamond  was  accomplished  by  selectively  oxidizing  the  silicon  surface 
prior  ot  diamond  deposition.  The  performance  of  the  sensor  conformed  to  hot-wire  anemometry 
theory,  and  the  thermal  responce  of  the  sensor  compared  favorably  to  results  from  a  thermal  analysis 
model.  The  model  was  used  to  predict  changes  in  sensor  performance  with  geometry.  Improvements 
in  the  design  of  the  sensor  will  also  be  discussed. 


MATERIALS  AND  METHODS 

The  gas  flow  sensor  was  similar  in  design  to  a  constant  temperature  hot-wire  anemometer,  with  the 
polycrystalline  diamond  thin  film  serving  as  the  active  element,  as  shown  in  figure  1.  The  diamond 
film  was  deposited  between  two  resistor  regions  v^ich  consisted  of  boron  dif^ed  in  silicon.  Dual 
four-point  probes  were  chosen  as  the  configuration  for  the  heat  source  and  heat  sink  resistors,  and 
they  were  placed  symmetrically  about  the  diamond  window  so  they  could  be  interchanged  if  necessary. 
Electrical  current  passing  through  one  resbtor  created  heat  and  this  beat  was  conducted  along  the 
diamond  element  to  the  other  resistor.  Gas  flowing  across  the  surface  of  the  diamond  removed  heat 
from  the  system  and  altered  the  temperature  of  the  sensing  resistor.  Current  was  added  to  the  heater 
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resistor  to  compensate  for  the  deaease  in  temperature  at  the  sensing  resistor,  and  the  added  current 
determined  gas  flow. 

In  order  to  build  the  gas  flow  sensor,  it  was  necessary  to  merge  two  technologies,  the  selective 
deposition  process  for  diamond,  and  the  batch  fabrication  processes  for  silicon.  For  example,  the 
diffused  resistors  had  to  be  formed  before  diamond  film  deposition  and  the  resistor  contact  pads  bad 
to  be  opened  and  metallized  after  diamond  film  deposition. 

Briefly,  the  heat  source  and  the  heat  sensor  re^ors  were  derived  from  doping  the  n-type  silicon 
substrate  with  boron.  Boron-doping  was  carried  out  in  a  two  step  process,  with  diffusion  of  the  boron 
occurring  at  1050*  C  and  drive-in  of  the  boron  occurring  at  1100*  C. 

Next,  the  silicon  substrate  was  prepared  for  the  selective  depodtion  of  diamond  according  to  the 
method  of  Davidson  et  al.  (1).  Ibe  surface  of  the  diicon  was  first  scratched  mth  0.25  |tm  diamond 
paste.  A  mixture  of  dichlorosilanr  and  ammonia  gas  at  800*  C  was  used  to  deposit  a  layer  of  SijN^ 
over  the  entire  wafer  to  protect  the  scratches  in  the  desired  areas  from  the  subsequent  oxidation. 
After  the  Si3N4  was  removed  from  all  areas  except  those  desired  for  diamond  growth,  a  layer  of  Si02 
approximately  1  pm  thick  was  grown  on  the  wafer  using  pyrogenic  steam  at  1000*  C.  Removing  the 
remaining  nitride  opened  a  window  exposing  the  original  scratched  area. 

The  diamond  was  grown  in  4x10  mm  exposed  regions  by  microwave  plasma  chemical  vapor 
deposition  using  a  mixture  of  hydrogen  and  methane  gas,  at  a  substrate  temperature  of  900*  C.  The 
growth  occurred  only  in  the  nonoxidized  repons.  The  1332  cm'^  line  in  the  Raman  spectrum 
confirmed  the  presence  of  diamond,  as  shown  in  figure  2,  and  an  SEM  photograph  showing  the 
selectivity  of  this  process  is  shown  in  figure  3.  The  as-grown  diamond  was  a  continuous  film  10  to  20 
pm  thick. 

After  diamond  growth,  contact  windows  were  opened  in  the  oxide  region  remaining  over  the  resistor 
contact  pads.  Next,  an  array  of  aluminum  pads  was  defined  ir<  order  to  wire  bond  to  the  diffused 
resistors.  The  completed  device  was  mounted  on  a  (xramic  substrate,  and  attached  to  an  electrical 
circuit  capable  of  energizing  the  heater  resistor  and  measuring  the  resistance  change  in  the  sensing 
resistor.  A  completed  device  is  shown  in  figure  4. 

The  thermal  performance  of  the  device  was  modeled  using  TAK2,  a  thermal  analysis  program,  using 
the  node  configuration  shown  in  figure  5a.  The  thermal  response  of  the  model  at  the  node 
corresponding  to  the  heat  sink  resistor  was  matched  to  the  experimental  results  by  varying  the  input 
power  at  the  node  corresponding  to  the  heat  source  resistor  and  by  varying  the  loss  of  heat  due  to 
convection.  After  matching  the  response  of  the  model  to  the  experimental  results,  the  response  of  the 
flow  sensor  was  evaluated  for  the  ideal  case  of  a  free-standing  diamond  bridge  (figure  5b),  as  a  free¬ 
standing  diamond  bridge  was  unable  to  be  made  experimentally. 


RESULTS  AND  DISCUSSION 

The  diamond  film  flow  sensor  described  above  is  similar,  in  kind,  to  a  hot-wire  anemometer..  The 
relationship  between  the  heater  power  and  the  gas  flow  rate  is  given  by  equation  1^: 

I^R  =  (t.-t,)(S)(Ci  +  C2(oV)l/^l  (1) 

where  t,  is  the  operating  temperature  of  the  sensor,  t^  is  the  temperature  of  the  gas,  S  is  the  surface 
area  of  the  hot-wire,  Cj  and  C2  are  const',nts,  a  is  the  density  of  the  gas,  and  V  is  the  velocity  of  the 
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gas.  The  flow  sensor  wor*'s  by  forcing  sufficient  current  through  the  heater  resistor  to  maintain  a 
constant  temperature  at  the  sensing  resistor.  According  to  equation  1,  a  linear  relationship  should 
exist  between  and 

Heater  current  and  gas  flow  data  for  one  of  the  diamond  sensors  are  presented  in  figure  6.  The  data 
are  linear  up  to  5  //min,  the  highest  velocity  tested.  Although  the  sensor  worked  according  to  theory, 
several  problems  surfaced  during  testing. 

In  a  typical  experiment,  the  current  used  in  the  heater  resistor  was  approximately  8  mA.  With  this 
current,  the  resistance  of  the  sensing  resistor  increased  by  only  1.S  ohms,  and  this  change  occurred 
after  an  elapsed  time  of  nearly  60  seconds.  Using  the  temperature  coefflcient  of  resistance  of  the 
boron-doped  resistors,  this  1.5  ohm  change  in  resistance  corresponded  to  a  change  in  temperature  of 
about  2*C. 

The  response  time  observed  for  the  diamond  flow  sensor  is  compared  to  the  response  time  obtained 
from  the  thermal  analysis  model  in  figures  7a  and  7b.  To  make  the  model  fit  the  experimental  data, 
an  input  power  of  15.63  mW  was  applied  to  the  heat  source  node  and  a  convective  constant  of  0.007 
W/cm^C,  typical  of  forced  air  convection,  was  applied  across  the  top  of  the  entire  anemometer.  These 
constants  were  used  for  all  subsequent  modeling  calculations.  The  input  power  used  at  the  model  heat 
source  node  was  about  28%  of  the  actual  input  power  sent  to  the  resistance  heater,  suggesting  that 
nearly  three  quarters  of  the  power  was  dissipated  along  the  boron-doped  regions  away  from  the 
diamond  coating. 

The  model  was  changed  to  reflect  a  free  standing  diamond  bridge  structure,  as  shown  in  figure  5b, 
and  the  results  are  summarized  in  figure  7c.  Using  this  geometry,  the  response  time  of  the  free 
standing  diamond  bridge  structure  was  found  to  be  similar  to  the  non-free  standing  case.  Hence,  one 
can  conclude  that  the  rate  of  temperature  increase  detected  by  the  heat  sink  resistor  must  be 
dominated  not  by  the  thermal  conductivity  of  the  diamond,  but  by  the  thermal  capacitance  of  the 
silicon  being  heated  by  the  heat  source  resistor. 

Conventional  hot-wire  anemometers  typically  operate  at  several  hundred  degrees  Celsius,  and  have 
a  response  time  on  the  order  of  10  millis^nds  (4).  Hence,  the  diamond  anemometer  described  here 
is  considerably  less  efficient  than  conventional  hot  wire  anemometers.  Part  of  the  problem  may  be 
traced  to  the  bulky  nature  of  the  chosen  geometry,  where  the  large  thermal  capacitance  yields  a 
sluggish  response.  Decreasing  the  size  of  both  the  diamond  and  the  silicon  components  woidd  most 
certainly  improve  the  response  time.  Further  improvements  may  be  derived  by  using  metal 
components  for  the  heat  source  and  heat  sink  resistors  so  that  higher  temperature  operation  may  be 
achieved. 


CONCLUSIONS 

A  first  generation  diamond  gas  flow  sensor  was  built  by  merging  two  technologies,  selective 
deposition  of  polycrystalline  diamond,  and  batch  fabrication  of  silicon  semiconductors.  The 
performance  of  the  sensor  followed  conventional  hot-mre  anemometry  theory,  but  was  found  to  have 
a  slow  response  time,  and  was  limited  by  low  temperature  operation.  Future  generations  of  these 
diamond  gas  flow  sensors  will  require  smaller  dimensions  and  higher  temperature  operation.  Such 
diamond  sensors  may  prove  to  be  useful  and  durable  in  measuring  gas  flow  in  corrosive  and  abrasive 
environments. 
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iMgure  3.  Scanning  electron  micrograph  showing  the  selective  deposition  of  diamond  films. 
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Hgure  4.  Complete  diamond  heat  flow  sensor,  attached  to  a  ceramic  substrate. 


Figure  5.  Node  configuration  used  for  modeling  the  heat  transfer  in  the  diamond  anemometer,  (a) 
node  assignment  for  experimental  prototype,  (b)  node  assignment  for  free-standing  desi^, 
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Hgure  6.  Gas  flow  velocity  versus  current,  according  to  hot-wire  anemometer  theory. 


Figure  7.  Response  time  of  the  diamond  anemometer,  as  measured  by  the  change  in  resistance  of  the 
heat  sink  resistor,  (a)  experimental  data,  (b)  experimental  prototype  model,  and  (c) 
free-standing  design  model. 
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ABSTRACT 

A  noval  procaaa  for  tha  fomatlon  of  nicrochannels 
in  synthatlc  polycryatalllna  diamond  thin  film  on  a 
singla  crystal  silicon  substrata  is  developed  using 
anisotropic  chemical  etching  of  silicon  and  selective 
grotrth  of  diamond.  The  polycrystalline  diamond  thin 
films  were  grown  by  high  pressure  microwave  plasma 
assisted  chemical  vapor  deposition  using  a  gas  mixture  of 
methane  and  hydrogen  gases.  Fabrication  procedure, 
scanning  electron  microscopy  views  of  surface  morphology, 
cross-sectional  features  of  microchannels  in 
polycrystalline  diamond  thin  films,  and  potential 
applications  of  microchannels  are  described. 


ZHTRODOCTZOM 

The  thermal  conductivity  of  natural  diamond,  20  H/cm-’K, 
is  4.65  times  that  of  copper.  Copper  has  been  widely  used  as 
a  heat  sink  material  for  electronics  packaging  technology. 
However,  the  prospect  of  an  Insulating  heat  sink  offers 
significant  advantages  for  hybrid  microelectronics  packaging 
and  other  applications.  Thus  the  high  thermal  conductivity  of 
diamond  makes  this  material  very  attractive  for  a  wide  range 
of  heat  sink  applications. 

The  highest  thermal  conductivity  of  chemical  vapor 
deposited  (CVD)  diamond  thin  films  obtained  so  far  was  about 
10  H/cm-‘K,  which  is  *2.3  times  that  of  copper  (1,2).  If  the 
films  used  in  heat  sinking  applications  are  of  the  same  or 
better  quality,  then  a  significant  improvement  in  heat 
dissipation  is  possible  if  diligent  steps  are  taken  to  reduce 
interfacial  thermal  resistance  (device/diamond) .  This  could 
lead  to  an  effective  and  compact  technique  for  heat  removal 
from  high  power  electronic  devices. 
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R«c*ntly,  th«r«  has  baan  consldarabla  Intarast  In 
convaetlva  haat-tranafar  aicroatruoturaa  for  cooling  of 
silicon  chips  wharaln  liquid  (vatar  ate.)  or  gas  flows  through 
alcroohannals  atchad  in  tha  backsida  of  silicon  wafars  (3-6). 
Haat  dissipation  from  chips  of  various  sizas  is  affective, 
with  little  rise  in  temperature  for  the  device  during  service. 
Sinilarly,  nicrochannels  in  polycrystalline  diauond  thin  films 
may  be  used  for  forced  gas  or  liquid  cooling  of  planar 
Integrated  circuits  to  dissipate  tha  haat  in  tha  device  to 
achieve  compact,  high-performance  characteristics  (better  than 
copper,  silicon,  etc.). 

Figure  1  shows  schematically  the  microchannels  fabricated 
in  polycrystalline  synthetic  diamond  thin  films  on  a  silicon 
substrata  with  tha  attached  high  power  density  electronic 
device  on  the  diamond.  A  prerequisite  for  building  such  a 
structure  to  use  tha  high  thermal  conductivity  is  to  develop 
a  process  to  fabricate  microchannels  in  synthetic  diamond  thin 
films. 


KPIRXMEIITAL  PROCBDORB 

Starting  substrates  were  n-type  silicon  wafers,  5  cm  in 
diameter,  (100)  orientation,  polished  on  both  sides,  and  with 
a  resistivity  of  2-6  ohm-cm.  They  ware  manually  scratched 
only  on  the  top  side  using  diamond  paste,  0.25  fm  mean 
particle  size.  The  wafers  were  then  washed  in  running  DI 
water  for  10  minutes,  rinsed  with  methanol,  ultrasonically 
agitated  in  DI  water  for  10  minutes,  and  dried  with  nitrogen. 
Silicon  nitride  was  then  deposited,  thickness  ■  *'0.2  nm,  using 
a  low  pressure  chemical  vapor  deposition  (LPCVD)  technique 
with  dichlorosllana  and  ammonia  at  a  substrate  temperature  of 
800 *C.  The  silicon  nitride  was  then  photollthographically 
patterned,  plasma  etched  in  CV^/0^  (10:1),  and  then  the 
photoresist  was  removed  with  acetone.  With  the  nitride 
patterned,  the  exposed  silicon  area  was  etched  in  KOH  solution 
to  form  30-50  ^m  deep  microchannels  in  the  silicon.  The 
silicon  wafers  were  then  thermally  oxidized  using  pyrogenic 
steam  at  1000*C  for  45  hours  to  form  a  silicon  dioxide 
thickness  of  1.5  -  2.0  (m.  The  oxidized  wafers  were  immersed 
in  a  buffered  oxide  etch  (NH^F  HF)  for  30  seconds  to  remove 
a  thin  layer  of  oxide  on  the  silicon  nitride,  then  rinsed  in 
running  DI  water  for  15  minutes.  The  silicon  nitride  was 
completely  etched  in  hot  phosphoric  acid  ("180*0) ,  washed  with 
running  DI  water  for  lO  minutes,  rinsed  with  acetone,  and 
methanol,  and  dried  in  nitrogen. 

To  supplement  this  process  description  for  selective 
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dlanond  daposltion  (7,8)  and  alcrochannal  formation  In 
polycrystallina  diamond,  a  schamatlc  procesa  flow  is  shown  in 
Figura  2.  An  anlargamant  of  stap  VIII  in  Figure  2a  is  shown 
in  Figura  2b.  The  lateral  growth  of  diamond  was  anticipated 
as  shown  in  Figura  2b  with  dashed  profile  lines.  The  width 
and  thickness  of  the  diamond  "stripe"  Inside  the  dashed  line 
is  proportional  to  the  diamond  deposition  time.  Over  a  period 
of  time  during  diamond  deposition,  neighboring  dlanond  stripes 
merge  together,  resulting  in  a  continuous  diamond  surface  on 
the  silicon  substrate. 

A  commercially  availedjle  high  pressure  microwave  plasma- 
assisted  CVD  system  (Applied  Science  and  Technology,  Inc., 
Cambridge,  KA)  was  used  in  our  experiments  to  grow  the 
polycrystalline  diamond  thin  films.  Typical  deposition 
parameters  are:  base  pressure:  10'*  Torr;  deposition  pressure: 
60  Torr;  substrate  temperature:  930-950*C;  hydrogen  flow  rate: 
500  SCCM;  methane  flow  rate:  3.6  8CCM;  forward  power:  1200- 
1250  watts;  reflected  power:  <100  watts;  deposition  tine:  139 
hours.  The  deposition  rate  was  typically  1  fxm/hour  at  the 
temperature  mentioned. 


MSObTS  AHD  DISCUSSION 

Figure  3a  is  a  scanning  electron  micrograph  of  a 
selectively  deposited  diamond  (deposition  time:  24  hours)  on 
a  silicon  substrate  and  (b)  the  magnified  view  in  the 
mlcrochannel  area.  Nell  faceted  diamond  and  the  lateral 
growth  from  the  desired  pattern  are  quite  clearly  seen  in 
Figure  3b.  Figure  3c  is  the  morphology  of  the  top  side  of  the 
diamond  film  after  all  the  selectively  deposited 
polycrystalline  diamond  areas  have  impinged.  The  thickness  of 
polycrystalline  diamond  film  is  about  80  -  100  /im.  Total 
deposition  time  to  obtain  a  continuous  diamond  surface  depends 
on  the  channel  separation  distance.  In  Figure  3  the  channel 
width  is  75  fm  and  the  separation  is  225  fin.  The  diamond 
deposition  time  was  139  hrs. 

As  predicted  by  Figure  2,  the  distance  between  diamond 
stripes  decreases  as  a  function  of  the  time  of  diamond 
deposition.  Eventually  they  impinge  on  the  top  portion  of  the 
diamond  thin  film  but  leave  open  space  underneath,  forming 
microchannels  with  the  aid  of  intentionally  etched  silicon 
areas  between  selectively  deposited  diamond  areas. 

An  experiment  was  started  with  a  reduced  mlcrochannel 
width  (17  ±  1  fin).  Figure  4  shows  the  measured  mlcrochannel 
width  as  a  function  of  time  of  deposition  of  polycrystalline 
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diamond.  This  plot  clearly  shows  that  lateral  growth  is  very 
high  Initially  but  reduces  asymptotically  to  nearly  zero. 

Figure  5  is  a  scanning  electron  micrograph  of  a  cross- 
section  of  a  microchannel  in  diamond  on  a  silicon  substrate. 
The  channel  is  an  open  space  underneath  the  diamond  between 
two  selective  diamond  deposition  areas.  The  contour  of  the 
dieunond  growth  within  the  channel  is  clearly  similar  to  that 
anticipated.  The  dashed  lines  in  Figure  2b  may  now  be 
visualized  to  understand  the  growth  of  diamond. 

The  diamond  film  was  removed  from  the  silicon  surface  and 
the  morphology  of  the  microchannels  on  the  backside  of  the 
polycrystalline  dieunond  thin  film  was  observed.  Figure  6  is 
a  magnified  view  of  a  single  microchannel  in  the 
polycrystalline  diamond.  The  edge  of  the  microchannels  in  the 
diamond  film  has  the  opposite  slope  of  the  silicon  etch  area. 

Figure  7  shows  an  optical  micrograph  of  the  top  view  of 
the  complete  device  of  fabricated  microchannels  in  synthetic 
polycrystalline  diamond  on  silicon  substrate.  Size  of  the 
device  is  1.9  cm  x  1.9  cm.  The  two  transparent  rectangular 
regions  in  the  micrograph  are  free-standing  polycrystalline 
diamond  where  silicon  is  etched  from  the  backside  to  provide 
inlet  and  exhaust  plenums  for  the  coolant  fluid. 

Figure  8  shows  an  optical  micrograph  of  polycrystalline 
dl£unond  thin  film  cantilever  beams  (one  side  supported)  on  a 
single  crystal  silicon  substrate.  This  structure  has  been 
designed  for  thermal  diffuslvity  studies  of  the 
polycrystalline  dieunond,  in  which  a  high  wattage  laser  is 
focused  on  a  beam  end,  while  the  transient  thermal  response  is 
measured  using  spatially  resolved  IR  spectroscopy. 

Efforts  are  underway  to  reduce  internal  stress  in  the 
polycrystalline  diamond  thin  films,  thereby  improving  adhesion 
strength,  by  growing  diamond  at  lowered  substrate  temperatures 
(9) .  Additional  efforts  include  optimizing  deposition 
parameters  to  obtain  the  highest  possible  thermal  conductivity 
(and  high  electrical  resistivity)  in  the  as-grown  thin  films 
by  reducing  nitrogen  and  other  Impuricles  such  as  graphite, 
amorphous  carbon,  etc.,  identifying  suitable  bonding  materials 
to  interface  active  devices  to  the  dleuaond  microchannel  heat 
sink. ,  Investigating  potential  coolant  gases  to  flow  through 
the  microchannels  to  maximize  heat  transfer,  optimization  of 
the  microchannel  cross-section  dimensions  as  well  as  the 
channel  depth  to  channel  spacing  ratio  for  maximum  cooling 
efficiency  (10) . 
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In  ■umnary,  a  novel  process  has  been  developed  and 
demonstrated  to  fabricate  microchannels  in  polycrystalline 
diamond  thin  films  on  a  silicon  substrate  using  selective 
growth  of  diamond  for  heat  sink  applications.  Free  standing 
polycrystalline  diamond  cantilever  beams  have  been  fabricated 
to  characterize  thermal  conductivity  properties. 
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Vigure  1.  Schematic  diagram  showing  several  views  of 
microchannels  fabricated  in  polycrystalline  synthetic  diamond 
film  on  a  silicon  substrate. 
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rlgur*  3.  scanning  electron 
micrographs  of  (a) 

selectively  deposited 
diamond  on  silicon 
substrate,  (b)  detail  of 
microchannel  between  two 
selectively  deposited 
diamond  stripes,  and  (o) 
morphology  of  diamond  after 
merging  all  selectively 
deposited  regions. 


figure  4.  scanning  electron  micrograph  of  cross-section  of  as- 
grown  polycrystalline  diamond  microchannels  on  a  silicon 
substrate. 


0  2U  40  60  80 

Deposition  time,  hours 

Vigur*  5.  Measured  mlcrochannel  width  (distance  between  two 
diamond  lines)  as  a  function  of  time  of  deposition  of 
polycrystalline  diamond. 


Vigure  t.  Scanning  electron  micrograph  of  the  backside  of  the 
polycrystalline  diamond  mlcrochannel  after  the  silicon 
substrate  is  chemically  etched. 
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Figure  7.  Optical  micrograph 
of  the  complete  device  of 
the  fabricated  microchannels 
in  polycrystalline  diamond 
on  silicon  substrate  (Top 
view,  size:  1.9  cm  x  1.9 
cm) .  Transparent  two 
rectangular  free-standing 
diamond  areas. 


Figure  8.  Optical  micrograph  of 
polycrystalline  diamond 
cantilever  beams  (one  side 
supported) . 
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NEW  MATERIAL  FOR  ELECTRONIC  PACKAGING:  DIAMOND  THIN 
FILMS  BY  CHEMICAL  VAPOR  DEPOSITION 
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Hopewell  Junction,  New  York  12533-0999 
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One  of  the  important  considerations  in  electronic 
packaging  is  the  dissipation  of  heat  generated  by 
the  electronic  devices  and  their  interconnections. 
Diamond  has  a  unique  combination  of  highly  desirable 
properties,  i.e.,  high  thermal  conductivity  combined 
with  high  electrical  Insulation,  chemical  inertness, 
hardness  and  optical  transparency.  In  our  program 
seeking  new  materials  for  electronic  packaging, 
diamond  films  have  been  deposited  on  silicon  and 
quartz  using  chemical  vapor  deposition  (CVD).  Two 
CVD  techniques  were  studied.  Following  established 
practice,  uniform  diamond  films  were  grown  from  low 
methane  concentrations  in  hydrogen  gas  using  hot 
filament  CVD.  In  another  method  of  microwave 
plasma  assisted  CVD,  it  was  found  that  diamonds  of 
relatively  high  purity  are  obtained  using  methanol 
without  additional  hydrogen,  in  contrast  to  the 
general  notion  that  excess  hydrogen  is  necessary. 

INTRODUCTION 

Most  power  intensive  semiconductors  require  enhanced 
thermal  dissipation  to  lower  their  junction  temperature  to 
acceptable  levels.  This  involves  the  heat  from  a  source, 
usually  a  semiconductor  chip,  to  be  transferred  to  a  sink, 
usually  an  air  cooled,  finned  heatsink.  Generally, 
electrically  insulating  adhesives  with  thermal  conductivity 
of  approx.  1.1  W/rn'C  are  used  as  the  internal  thermal 
enhancement.  This  conductivity  could  be  improved  upon  by  a 
factor  of  seven  (silver-epoxy)  to  eighty  (silver-solder). 
However,  most  or  all  of  these  higher  conductivity  adhesives 
are  electrically  conductive.  Therefore,  if  the  inactive 
side  of  the  chip  is  held  to  some  electrical  potential  or 
the  chip  requires  isolation  from  electrostatic  discharge, 
the  metal  doped  adhesives  fail  to  meet  a  basic  criteria  for 
selection.  Polycrystalline  diamond  thin  films  can  provide  a 
thermal  enhancement  path  that  has  high  thermal  conductivity 
and  excellent  electrical  insulation/isolation  between  the 
source  and  sink  (1). 
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In  addition,  worldwide  interest  in  diamond  films  arises 
because  of  its  very  low  coefficient  of  friction  and  wear 
rate  which  is  well  known  in  tribology,  as  well  as,  the 
unique  optical  (uv-vis-ir  transparency)  properties  with 
chemical  inertness. 

Polycrystalline  diamond  films  can  be  deposited  on 
various  substrates  by  plasma-assisted  chemical  vapor 
deposition  (PACVD)  or  by  hot  filament  chemical  vapor 
deposition  (HFCVD)  (2).  Both  methods  were  applied  in  this 
work  using  different  feed  gases.  The  quality  of  the  diamond 
deposits  was  determined  bv  Raman  spectroscopy  i.e.,  the 
sharpness  of  the  1332  cm“^  diamond  band  and  the  background 
level  as  an  indication  of  the  amount  of  non-diamond  carbon, 

EXPERIMENTAL 

The  hot  filament  chamber  consisting  of  UHV  components 
was  pumped  by  a  mechanical  pump  to  a  base  pressure  of  IPa. 

A  tungsten  coil  about  12mm  in  length  and  3inm  in  diameter  was 
used  and  kept  at  a  distance  of  4mm  from  the  substrate  during 
deposition.  If  the  hot  filament  is  exposed  to  the  mixture 
of  hydrogen  and  methane,  it  changes  chemically  and  becomes 
very  brittle.  Therefore,  care  was  taken  to  isolate  the 
reaction  chamber  vibrational ly  from  the  mechanical  pump. 
During  deposition  the  temperature  of  the  filament  was 
2000-2200‘’C  measured  with  a  pyrometer.  At  a  pressure 
between  5.3kPa  and  6kPa  this  was  sufficient  to  heat  the 
substrate  up  to  that  temperature  required  for  the  diamond 
deposition.  The  temperature  on  the  substrate  was  not 
measured  directly  on  the  substrate  but  with  a  thermocouple 
attached  close  to  the  edge  of  the  substrate.  Therefore,  the 
measured  temperatures  were  systematically  lower  than  the 
true  substrate  temperatures.  Nevertheless,  this  arrangement 
was  sufficient  to  enable  reproducible  depositions. 

The  miciowave  deposition  chamber  was  designed  similar 
to  that  described  by  Meiners,  et.al.  (3),  The  cavity  was 
made  or  brass  with  an  inner  diameter  of  203inm  and  an 
adjustable  length  of  63mm  to  130mm.  A  22.5mm  o.d.  quartz 
tube  w.='s  set  at  the  center  of  the  cavity  passing  the  two  end 
plates.  The  magnetron  was  mounted  in  the  wall  of  the 
cavity.  To  prevent  leakage  of  microwave  radiation  lead 
foil  was  put  between  the  cavity  wall  and  the  magnetron 
housing.  The  components  to  generate  the  microwave  radiation 
were  taken  from  a  portable  600W  microwave  oven  operating  at 
2.45GHz.  An  additional  variable  transformer  was  used  for 
adjusting  the  power  input  to  the  magnetron. 
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The  substrate  holder  consisted  basically  of  an  alumina 
ceramic  rod  12.7mtn  In  diameter  and  was  placed  inside  the 
cavity  to  enable  the  plasma  to  reach  the  substrate.  With 
two  molybdenum  clamps  the  substrate  was  attached  to  the 
holder.  A  chromel-alumel  thermocouple  was  attached  on  top 
of  the  substrate.  Those  parts  of  the  thermocouple  exposed 
to  the  microwave  radiation  were  shielded  by  thin  alumina 
tubes  to  prevent  the  thin  wires  from  burning  through.  The 
reaction  cell  was  pumped  by  a  mechanical  pump  and  therefore, 
the  base  pressure  was  about  IPa.  The  leak  rate  of  the 
system  was  smaller  than  O.Olsccm  compared  to  a  gas  flow  of 
50-100sccm  during  deposition.  The  flow  was  controlled  by 
Vacuum  General  mass  flow  sensors.  Typical  deposition 
pressure  was  6.6-8kPa. 

A  common  observation  In  diamond  deposition  Is  that  the 
substrate  has  to  be  roughened.  The  quartz  and  silicon 
substrates  were  scratched  with  a  diamond  tip  or  mechanically 
polished  with  3um  diamond  powder.  The  feed  gases  used  were 
high  purity  hydrogen  (Liquid  Carbonics,  99. 9X),  methane 
(Katheson,  99. 9*)  and  methanol  (Baxter,  water  content  less 
than  .009%).  The  deposition  procedure  was  as  follows. 

First,  the  substrate  was  heated  up  to  the  required 
temperature  1n  a  pure  hydrogen  atmosphere  and  1n  the  case  of 
pure  methanol  in  a  pure  helium  atmosphere.  Then  the  methane 
was  added  or  the  helium  was  replaced  by  methanol. 

RESULTS  AND  DISCUSSION 

Fig.  la  shows  a  SEM  micrograph  of  a  diamond  film 
deposited  by  HFCVD  at  a  measured  temperature  of  750°C. 

Silicon  was  used  as  a  substrate.  The  gas  mixture  was  1% 
methane  in  hydrogen.  The  facets  of  the  diamond  crystals, 
together  with  twinning  and  dislocations,  can  clearly  be 
seen.  The  cross  section  of  the  same  film  is  depicted  in 
Fig.  lb.  The  film  with  a  thickness  of  7um  is  dense 
containing  many  grain  boundaries.  Fig.  2  shows  the 
corresponding  Raman  spectrum.  No  other  peak  than  the 
typical  diamond  peak  appears  indicating  a  very  pure  diamond 
film.  The  peak  position  of  the  band  Is  at  1333cm'^  with  a 
line  width  of  8cm"^.  The  wave-like  structure  of  the 
background  is  an  artifact  caused  by  the  Raman  spectrometer. 

In  our  present  experimental  arrangement,  which  is  focused 
primarily  on  the  investigation  of  the  basic  mechanisms  of 
diamond  deposition,  only  an  area  of  1cm  in  diameter  was  covered. 
For  technical  applications  It  should  be  no  problem  to  cover 
larger  areas  by  simply  changing  the  filament  arrangement 
and/or  translating  the  substrate. 
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Fig.  3  shows  a  Raman  spectrum  of  a  diamond  film 
deposited  on  quartz.  The  experiment  was  carried  out  with 
pure  methanol  in  the  microwave  deposition  chamber.  The 
microscope  reveals  well  faceted  crystals  with  a  size  of 
8-lOum.  The  deposition  time  was  about  1  hr.  at  a 
temperature  of  850°C.  The  sharp  peak  at  1332cm"^,  which  is 
characteristic  for  diamond,  clearly  dominates  this  spectrum. 
The  halfwidth  of  the  peak  is  about  9cm"'^.  This_is 
considerably  larger  than  the  value  of  about  2cm"^  found  for 
natural  or  high  pressure  diamonds.  No  graphitic  peak  canbe 
seen  in  this  spectrum  which  should  appear  at  about  1580cm"'‘. 
The  background  and  the  broad  band  around  1520cm“^  can  be 
caused  by  amorphous  structures,  graphitic  carbon  and 
microcrystallinic  effects.  This  background  structure  is 
basically  the  same  as  in  the  so  called  diamond-like  carbon 
films  which  do  not  show  the  characteristic  diamond  peak,  but 
have  some  properties  similar  to  diamond  i.e.,  hardness  or 
electrical  resistivity.  For  a  detailed  discussion  of  the 
characterization  of  diamond  films  with  Raman  spectroscopy 
the  reader  is  referred- to  (4).  The  spectrum  shown  here  is 
representative  for  most  of  the  substrate  area.  Due  to 
inhomogeneities  in  the  plasma  and  temperature  gradients  on 
the  substrate  the  deposition  was  not  uniform  over  the  whole 
substrate  area.  Depending  on  the  areas,  the  background 
level  of  the  spectra  differed,  and  generally,  the  linewidth 
of  the  diamond, band  decreased  with  the  background  level  down 
as  low  as  5cm“^. 

The  spectrum  of  Fig.  2  is  interesting  because  it 
represents  a  deposition  using  pure  methanol.  Use  of  organic 
compounds  other  than  methane  has  been  reported  in  the 
literature.  In  those  cases  the  gases  were  always  mixed  with 
an  excess  amount  of  hydrogen  (5,6).  This  excess  of  hydrogen 
is  generally  considered  to  be  essential  for  the  deposition 
of  diamond  films  because  of  its  selective  etching  of 
graphite  (7).  Another  role  ascribed  to  hydrogen  is  to 
maintain  the  sp"*  hybridization  of  the  unreconstructed 
diamond  surface  by  reacting  with  the  surface  dangling  bonds 
(8).  On  the  other  hand,  it  has  been  observed  that  the 
addition  of  oxygen  can  improve  the  deposition  of  diamond 
(9-11).  Our  result  is  consistent  with  the  work  of  Tanabe  et 
al.U2),  who  also  found  that  diamond  films  could  be 
deposited  from  a  mixture  of  O^-CH,  without  additional 
hydrogen. 
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CONCLUSION 

This  work  presents  results  of  diamond  deposition 
carried  out  with  both  a  microwave  plasma  deposition  chamber 
and  a  hot  filament  reactors  both  of  which  can  be  scaled  up 
to  deposit  larger  areas.  It  is  also  shown  that  high  quality 
diamond  films  can  be  grown  using  only  an  oxygen  containing 
hydrocarbon.  Lateral  thermal  conductivity  measurements  of 
diamond  films  reported  so  far  (13,14)  indicate  that  high 
quality  diamond  films,  inspite  of  their  polycrystalline 
structures,  can  have  conductivity  level  higher  than  that  of 
copper  at  room  temperature  Thus,  indications  are  that 
diamond  films  can  play  a  significant  role  in  electronic 
packaging. 

Despite  the  fact  that  very  pure  diamond  films  can  be 
grown,  the  SEM  micrographs  show  a  problem  which  is  presently 
limiting  some  of  the  technical  applications  of  diamond 
films.  In  order  to  obtain  smooth  films  the  nucleation  sites 
on  the  substrate  have  to  be  very  dense.  Up  to  now,  it  is  not 
clear  what  factors  influence  the  nucleation.  Roughening  the 
substrate  has  been  found  to  promote  nucleation  but  it  leads 
to  a  microscopically  rough  diamond  surface.  Successful 
attempts  to  grow  diamond  epitaxially  have  been  reported  only 
on  diamond  substrates  (7).  Reports  of  heteroepitaxy  of 
diamond  films  (15)  have  started  to  appear  but  the  area  is 
still  quite  limited.  Another  problem  which  must  be  overcome 
is  the  adhesion  of  the  films  to  the  substrate.  In  the  case 
of  diamond  on  silicon,  the  films  showed  good  adhesion  and  no 
cracks,  but  uniform  deposition  directly  on  quartz  turns  out 
to  be  difficult.  The  films  show  cracks  and  above  a 
thickness  of  a  few  micrometers  the  film  can  peel  off. 

Future  exp»*riments  have  to  be  focused  on  the  early  stage  of 
nucleation  in  order  to  get  an  understanding  of  the  important 
initial  steps  of  diamond  deposition  which  determine  the 
properties  of  the  film. 
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Fig.  1  a)  SEM  micrograph  of  a  diamond  film  on  silicon 
obtained  by  HFCVD  with  a  mixture  of  1%  methane 
in  hydrogen,  b)  The  cross  section  of  the  film.  The 
film  thickness  is  7  pm. 
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ABSTRACT 


Amorphic  diamond  films  can  be  grown  in  a  UHV  environment  free 
from  hydrogen  with  a  laser  plasma  discharge  source.  In  this  technique 
the  output  from  Nd-YAG  laser  is  focused  on  a  graphite  target.  The 
gross  effect  of  the  laser  beam  is  to  eject  a  plume  of  carbon  vapor  and 
then  to  ionize  it.  At  laser  intensities  used  to  produce  nominal  quality 
films,  the  plasma  is  fully  ionized.  It  is  composed  of  multiply  charged 
carbon  ions  with  kinetic  energies  in  order  of  1  keV.  Quenching  of  such 
energetic  ions  yields  diamond  films  that  adhere  more  readily  to  materi¬ 
als  for  which  there  are  important  applications  as  protective  coatings. 
Analyses  of  the  interfaces  of  these  films  on  different  substrates  show 
interfacial  layers  with  significant  thicknesses.  The  adhesion  and 
mechanical  properties  of  these  amorphic  diamond  films  on  different 
substrates  will  be  reported. 


INTRODUCTION 


Recently,  we  remarked  ( I )  upon  the  return  of  interest  to  the  class  of  diamond¬ 
like  carbon  films  which  contain  minimal  amounts  of  hydrogen,  if  any.  The  first 
extensive  survey  of  the  properties  of  hydrogen-free  diamond  films  condensed  from 
laser  plasma  discharges  was  reported  subsequently  (2).  There  were  documented  the 
optical  and  mechanical  properties  that  are  so  essential  to  the  practical  applications  of 
the  new  material  termed  amorphic  diamond.  Scanning  tunneling  microscopic  (STM) 
examinations  revealed  a  conglomerate  structure  containing  dense  particles.  At  the 
high  electric  fields  used  in  those  examinations  the  particles  were  found  to  be  more 
resistant  to  erosion  than  the  binding  component,  and  so  were  concluded  to  represent 
the  most  diamondlike  phase.  The  combination  of  structural  size  together  with  the 
large  band  gap  obtained  by  simple  optical  absorption  techniques  placed  the  material 
produced  with  our  laser  plasma  source  far  outside  the  range  accommodated  by  the 
model  of  graphitic  islands. 
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In  a  continuation  of  research  (3),  optical  properties  and  mass  densities  of 
deposited  films  were  studied  in  detail.  It  was  determined  that  the  net  film  transpar¬ 
ency  arose  from  a  physical  mixture  of  clear  and  opaque  materials  and  the  apparent 
band  gap  served  as  a  lower  limit  to  the  actual  value  characteristic  of  the  more 
transparent  component.  The  residual  absorption  of  the  films  was  a  result  of  the 
physical  mixing  into  the  material  of  undigested  graphite  collected  during  the  laser 
deposition. 

Very  recently  microstructural  studies  of  amorphic  diamond  were  performed  and 
a  clear  prevalence  of  dense  nodules  was  observed.  Grain  sizes  were  in  order  of  1 000 
A  and  the  diamond  character  was  attested  by  the  agreement  of  morphology,  high 
density,  optical  properties,  soft  x-ray  spectroscopy,  and  lack  of  appreciable  hydrogen. 
The  principal  conclusion  was  that  material  prepared  with  a  laser  plasma  source  had  the 
structure  which  agreed  closely  with  the  theoretical  predictions  (S). 

Amorphic  diamond  films  have  the  unique  properties  of  being  hard  but  resilient, 
extremely  resistant  to  chemical  attacks  and  transparent  in  the  infrared  region  of  the 
spectrum.  These  properties  together  with  the  room  temperature  growth  environ¬ 
ment  make  this  material  suitable  for  abrasion  and  corrosion  protection  and  for 
antireflective  coating  of  sensitive  and  fragile  optical  materials  used  in  various 
applications 

Reported  here  are  details  of  the  adhesion  and  mechanical  properties  of  amorphic 
diamond  films  prepared  by  a  laser  plasma  discharge  source.  Internal  compressive 
stress  was  measured  using  a  beam  bending  method  and  a  low  value  of  0.86  CPa  was 
obtained.  Analyses  of  the  interfaces  of  these  films  on  different  substrates  showed 
interfacial  layers  with  significant  thicknesses.  The  adhesion  properties  on  ZnS  and 
other  substrates  were  also  studied  under  harsh  environmental  conditions.  It  was 
shown  that  the  coating  of  laser  plasma  diamond  can  protect  substrates  and  increases 
the  lifetime  against  abrasive  wear  from  particulate  impacts. 

PREPARATION  AND  CHARACTERIZATION 


Figure  I  shows  a  schematic  representation  of  the  system  reported  earlier  (1-3) 
for  growing  diamond  films  from  laser  plasma  discharges.  Basically,  the  mechanism 
for  producing  the  laser  ablation  was  straightforward,  as  seen  in  Fig.  1.  Passing 
through  a  window  into  the  UHV  chamber  with  a  diameter  of  about  8  mm,  the  pulsed 
laser  beam  was  turned  and  focused  with  high  quality  optics  fixed  in  the  evacuated 
space.  The  laser  delivered  250-1400  mJ  to  a  graphite  feedstock  in  a  UHV  system  at  a 
repetition  rate  of  10  Hz.  For  the  production  of  films  with  nominal  qualities,  the 
beam  was  focused  to  a  diameter  chosen  to  keep  the  intensity  on  the  target  near 
Sxl  0"  W  cm'2  and  the  graphite  was  moved  so  that  each  ablation  occurred  from  a  new 
surface.  A  high  current  discharge  confined  to  the  path  of  the  laser-ignited  plasma  was 
used  to  heat  and  process  the  ion  flux  further.  Discharge  current  densities  typically 
reached  10^10^  A  cm'^  through  (he  area  of  (he  laser  focus  (I).  A  planetary  drive 
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system  for  rotating  substrates  within  the  core  of  the  plasma  where  they  were 
exposed  to  the  ions  insured  the  simultaneous  deposition  of  uniform  layers  of 
amorphic  diamond  over  several  substrates  disks  30  mm  in  diameter. 

Modeling  studies  have  recently  shown  that  the  laser  input  alone  is  sufficient  to 
insure  that  the  resulting  plasma  is  fully  ionized  (6).  At  laser  intensities  around  SxlO" 
W/cm^,  the  plasma  is  composed  of  multiply  charged  carbon  ions  with  kinetic  energies 
on  the  order  of  I  keV  (6).  The  impact  of  the  laser  plasma  upon  a  substrate  is 
equivalent  to  an  irradiation  with  a  very  high  fluence  ion  beam.  Quenching  of  such 
energetic  ions  yields  diamond  while  the  condensation  of  neutral  carbon  produces  only 
graphite  (3,4). 

In  general,  films  deposited  onto  substrates  in  vacuum  show  internal  mechanical 
stress  which  causes  the  substrates  to  bend  by  very  small  amounts.  From  measure¬ 
ments  of  the  bending  of  a  well-defined  substrate  the  internal  stress  of  the  film  can  be 
calculated  (7,8).  Such  a  beam-bending  method  was  utilized  in  this  work  to  measure 
the  internal  compressive  stresses  of  our  films.  As  seen  in  Fig.  1,  a  thin  Corning 
cover-glass  strip  was  used  as  a  Film  substrate.  Both  ends  of  the  glass  were  clamped 
and  on  it  a  uniform  diamond  film  with  a  thickness  of  0.3  pm  was  deposited.  Central 
deformation  under  the  influence  of  the  film  was  obtained  by  profiling  the  middle  of 
the  glass  strip  with  a  surface  profilometer.  A  well-known  equation  (7)  was  used  to 
calculate  the  stress  and  the  value  of  0.86  CPa  was  obtained.  This  value  is  among  the 
low  values  of  compressive  stresses  reporied  for  diamondlike  films.  We  believe  that 
this  stress  is  due  to  the  graphitic  contents  introduced  by  the  arrival  of  spurious 
particles  of  undigested  feedstock  and  that  the  stress  could  be  reduced  further  by 
improving  the  sp^  content  of  our  films. 

To  date,  over  ISOO  different  amorphic  diamond  films  of  thicknesses  varying 
from  0.1  to  S.S  pm  have  been  deposited  on  a  variety  of  substrates.  The  fact  that 
the  films  do  not  wrinkle,  buckle,  crack,  or  unbond,  and  that  they  exhibit  good 
adherences  is  indicative  of  low  stress  values  and  of  the  deep  penetration  of  the 
coating  into  the  substrate  materials. 

Analyses  of  the  interfaces  of  amorphic  diamond  films  on  different  substrates  by 
Rutherford  Back  Scattering  (RBS)  confirmed  the  formation  of  interlayers.  Data 
points  in  Fig.  2  show  a  RBS  spectrum  of  a  nominal  quality,  1  pm  thick  amorphic 
diamond  film  on  a  Si  substrate.  The  composition  of  the  interfacial  layer  was 
determined  by  a  numerical  simulation  as  shown  in  Fig.  2  by  the  solid  line.  The  fit  to 
the  RBS  data  was  obtained  by  assuming  a  composition  of  1 0500x1  O'®  C/cm^  and 
200x1 0'S  SiC/cm^.,  Attempts  to  fit  the  RBS  data  without  considering  SiC  interlayer 
failed  as  shown  in  Fig.2.  The  dashed  line  plotted  the  simulation  curve  assuming 
1 0500x1 0'5  C/cm^  while  the  dotted  line  was  obtained  by  considering  1 0600x1 0'^ 
C/cm^.  Similar  RBS  examinations  and  simulations  were  conducted  on  Films  deposited 
on  ZnS,  TiAl4V4,  and  Si02  and  interfacial  layers  with  composition  of  C2sZnS, 
Q62Tio,35Aloos'^o.o2>  ^od  CqjSiOj  were  found,  respectively. 
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Interfacial  layer  formation  was  also  observed  with  Transmission  Electron 
Microscopy  (TEM)  examinations  of  interfaces  between  films  and  substrates.  Fig. 3 
shows  a  transmission  electron  micrograph  of  the  amorphic  diamond  interface  with  the 
TiAl5V4  substrate.  The  interface  was  underlined  by  a  discontinous  crystalline 
precipitation  of  TiC  compounds.  The  electron  diffraction  pattern  in  this  region  was 
found  to  be  characteristic  of  an  usual  epitaxial  relationship  with  the  substrate.  These 
results  indicated  that  amorphic  diamond  films  had  been  chemically  bonded  to  a  wide 
variety  of  substrates  by  the  condensation  of  crystalline  or  amorphic  interface  layers 
of  compounds  or  alloys  between  the  substrate  and  the  film.  The  intermixing  of  the 
substrate  and  coating  were  expected  to  be  the  cause  of  good  adherence  between 
amorphic  diamond  films  and  a  variety  of  substrate  materials. 


PROTECTIVE  COATINGS  OF  AMORPHIC  DIAMOND 


Amorphic  diamond  films  have  the  potential  to  protect  optical  windows 
such  as  Ge  and  ZnS  when  it  is  important  to  maintain  the  integrity  of  the  IR  transmit¬ 
tance  of  the  window.  In  such  applications  films  must  be  adherent  and  durable  so  that 
they  can  protect  the  windows  from  rain  and  particulate  erosions.  In  order  to 
establish  a  general  magnitude  of  improvements  in  the  resiliency  of  films  to  the  dust 
erosions,  a  quick  look  test  apparatus  has  been  constructed  at  our  laboratory.  A  sand 
blaster  has  been  modified  and  incorporated  into  a  test  fixture  for  measuring  both  the 
surface  erosion  effect  on  diamond  film  coating  and  the  substrate  material.  Although 
natural  diamond  is  not  thought  to  be  resistant  to  the  chipping  caused  by  impacts  of 
high  velocity  particles,  our  amorphic  diamond  films  were  found  to  be  resistant.  Using 
the  sand  abrader  with  glass  beads  20-40  ^m  in  diameter  it  was  found  that  only  1.0 
pm  of  diamond  significantly  improved  the  resistance  of  a  Si  substrate  to  chipping. 

Figure  4  plots  Log  [(l-l(,)/ls)  as  a  scale  of  damage  versus  the  times  for  which 
bare  and  coated  Si  substrates  were  sand  blasted.  The  scattered  He-Ne  laser  intensity  at 
20°  from  the  damaged  film  is  given  by  I.  while  Ig  is  the  same  quantity  measured 
before  damage  and  I3  is  the  intensity  from  a  standard  scattering  object  for  calibra¬ 
tion.  Differences  in  the  details  of  the  damage  mechanisms  between  single  crystal  Si 
and  amorphic  diamond  give  different  slopes  and  forms  to  the  curves  making  it 
difficult  to  extract  a  single  number  for  improvement.  However,  considering  that  a 
half  order  of  magnitude  increase  in  light  scattering  from  the  damage  pits  is  clearly 
significant  the  levels  of  damage  can  be  drawn  in  Fig. 4.  It  can  be  seen  that  a  I  pm 
thick  coating  of  amorphic  diamond  extends  the  lifetime  against  chipping  of  a  Si  wafer 
by  a  factor  of  30  to  50. 
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Figure  1 :  Schematic  representation  of  the  laser  source  used  to  deposit  thin  film 
amorphic  diamond.  The  strips  of  glass  were  used  as  substrates  in  order  to 
measure  the  stress. 
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Figure  2:  A  He*  backscattering  spectra  of  amorphic  diamond  film  on  a  Si 
substrate.  The  solid  line  shows  the  best  fit  obtained  with  the  simulation 
considering  an  interfacial  SiC  layer..  Dashed  and  dotted  lines  are  simulation 
attempts  to  fit  the  data  assuming  pure  carbon  interlayers.  (Courtesy  of  J.,  C. 
Pivin,  Orsay,  France) 
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Figure  3:  Transmission  electron  micrograph  of  the  amorphic  diamond  film  on  a 
TiAl5V4  substrate.  An  interfacial  layer  of  TiC  with  precipitation  feature  is  clearly 
seen.  (Courtesy  of  J.  C.  Pivin,  Orsay,  France) 
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Figure  4:  Plot  of  the  damage  observed  on  test  samples  as  functions  of  the  times 
for  which  they  were  exposed  to  the  high  velocity  impact  of  a  flux  of  glass  beads. 
Damage  is  plotted  in  units  of  the  ratio  of  the  relative  scattering  of  laser  radiation 
incident  at  a  20°  angle  from  the  surface.  Data  describe  measurements  on  a  sample 
of  amorphic  diamond  film  chemically  bonded  to  a  Si  substrated  in  comparison  to  a 
similar  uncoated  substrate. 
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WIDE-BANDGAP  DIAMOND-LlKE  CARBON  FILMS  FORMED  BY 
RF-DEPOSITION  USING  MAGNETRON  DISCHARGE. 


V.V.  SIeptsov,V.M.  Elinson,N.V.  Siinakina,A.M.  Baranov 
NPO  "VacuuRimashpri bar “(USSR,  Mobcom  113105,  Nagorny  pr.7 


ABSTRACT. 

RF-deposltion  method  using  magnetron 
discharge  has  the  properties  which  are  summarized 
belowithe  ion  energy  is  not  in  excess  of  350 
eV, specific  output  power  of  substrate  is  1.5 
W/cm*. 

The  a-C:H  films  with  following  optical 
properties  n=l.a-1.9;  k=0-0. 1;  Eg *2-2. 5  eV  have 
been  obtained. Growth  rate  was  O.iB  pm/min. 

With  introduction  of  fluorinated  components 
into  medium  of  hydrocarbons  a-C:H  films  with 
optical  band  gap  in  range  E^  =2. 5-3. 2  eV  and 
specific  resistance  up  10  Oh*«:m  were  produced. 


Diamond-like  carbon  films  permit  to  use  them  as 
protective, passivating  and  tearless  coatings  as  well  as 
active  elements  for  micro-  and  optoelectronics  due  to  their 
high  hardness, chemical  inertness, transparency  in  IR  region 
and  possibility  to  change  optical  and  electrical  properties 
in  wide  range. 

Among  the  formation  methods  of  films  on  the  basis  of 
carbon,  differing  in  energy  range  of  particles  and  power 
supply  process! 1-43,  the  low-energy,  low-temperature 
methods  based  on  heterogeneous  ion-  assisted  reaction  of 
hydrocarbons  on  the  substrate  surface  attracts  a  great  deal 
of  interest.  Reduction  in  particle  energy  taking  part  in 
formation  of  films  permits  the  film  production  with 
increased  content  of  diamond  phase  and  corresponding  film 
properties. 

Besides,  low-energy  particles  permited  the 
semiconductor — diamond-like  film  hetero junctions  with 
negligible  quantity  of  surface  states  on  the  interface  to 
be  formed. 

The  purpose  of  this  work  is  to  investigate  formation 
features  and  properties  of  wide  bandgap  diamond-like  films 
obtained  by  RF-deposition  using  RF  magnetron  discharge. 
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The  deposition  process  was  carried  out  by  equipment 
which  provided  individual  operation  of  100  mm  diameter 
plates  with  irregularity  +3  X. There  are  watei — cold 
cathod-substrateholder  and  magnetic  system  in  the  center  of 
the  camera. The  magnetic  system  creates  field  (B  «180  W) 
near  electrode. RF  bias  with  frequency  of  13.56  MHz  was 
applied  to  the  cathod.The  applied  to  the  operated  surface 
power  could  reach  1.5  W/cm^. Carbon  films  were  formed  by 
partially-ionized  hydrocarbon  flow  (C^  H  IZ  >  .Operating 
presure  was  in  the  range  0. 2-4.0  Pa. Ion  current  density 
reached  to  4.5  mA/cni^  .Growth  rate  was  0.18  ^tm/min. Films 
thicknesses  were  more  than  1.5  ^lm. 

The  dependences  of  growth  rate, optical  constants  (n,k> 
and  optical  bandgap  <£.  )  on  ion  energy  and  operating 
pressure  were  studied.  * 

The  growth  rate  increase  proportionally  to  applied  RF 
power  (Fig. 1). The  dependence  of  growth  rate  on  operating 
pressure  is  the  similar  and  is  presented  in  Fig. 2. 

Calculation  of  n,k  and  d  values  based  on  the 
measurement  of  transmission  (T)  as  well  as  the  film  (R>  and 
substrate  (R')  reflectivity  in  the  visible  and 

IR-regi on. Measurement  of  T,R  and  R'  were  performed  by 
SPECORD  M-40. Measurements  accuracy  of  transmission  and 
reflection  was  0.3  ’/.  and  0.5  X, respectively. The  effects 
of  light  interference  in  the  film  and  multiple  reflection 
of  light  in  the  quartz  wafers  were  taken  into  account. 

The  optical  bandgap  of  these  films  were  determi ned. The 
dependence  of  Ea  on  RF  power  are  presented  in  Fig. 1. The  E 
reachs  the  maximum  value  when  power  was  80  W.The  ion  energy 
in  this  case  was  80  eV. 

In  the  wavewlenght  range  5-10  ^Jm  all  the  films  are 
transparent. In  the  range  0.6-0. 8  nm  the  transmission 
strongly  depends  on  formation  conditions. 

The  resistivity  value  of  a-C:H  films  changes  from 
S-^ICT  up  to  8*10^®  0hm#cm  and  depends  on  formation 
conditions. 

The  composition  of  a-C:H  films  was  studied  by 
SIMS. Regular  spectrum  of  a-C:H  film  contained  '■^CH*' 

and  secondary  ions  is  shown  in  Fig. 3. It  was  found  that 
spectra  with  maximum  value  of  E|=2.0  eV  had  minimum  peaks 
values  of  ‘H*  and‘*CH*  and  maximum  values  of  peak. 

With  introduction  of  fluorinated  components  into 
medium  of  hydrocarbons, the  a-C:H  films  with  optical  band 
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gap. in  the  range  Eg>‘2,S-3,2  eV  and  speci-fic  resistance  <up 
10^  Ohmacm)  are  produced. 

So,  RP-deposition  mas  employed  -for  generation  o-f 
Mide-bandgap  a-C:H  and  a-C:H:F  -films  with  high  speci-fic 
resistance  and  producabi 1 ity. 
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Pig. 1,  Deposition  rate  and  optical  bandgap 
depending  on  power  to  substrate 
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ABSTRACT 

The  comparative  analysis  of  properties  of 
diamond-like  carbon  films  formed  by 
plasma-enhanced  CVD-method  and  magnetron 
sputtering  of  graphite  target  is  carried  out. 

The  influence  of  process  parameters  and 
film  i-hickness  on  the  phase  composition, 
electrical  and  optical  properties  as  well  as 
mechanism  of  a-C;H  film  conductivity  are 
investigated. 

By  means  of  effective  medium  approximation  it 
is  shown  that  a  film's  properties  depend  on  phase 
composition. 

It  is  shown  that  carbon  films  may  be  used  as 
protective  coatings  for  optical  elements  of  power 
laser  and  traditional  optics. 

Heterostructures, Si-,GaAs-  a-C:H  films  were 
obtained. The  correlation  between  deposition 
condition  and  density  of  surface  states  at  the 
semiconductor  -  a-C:H  film  interface  is 
determined. 

Multilayer  quantum  well  structures  also  have 
been  obtained  on  the  base  of  a-C:H  films  of 
different  phase  composition. 


1 . Introduction. 

Having  a  great  number  of  stable  and  metastable 
modifications,  and  high  activated  barriers  between  them, 


carbon  is  a  basis  of  class  of  compounds^  as  distinct  from 
some  ones  with  concrete  properties (1) . 

So  carbon  films,  many  unique  physical 
properties,  such  as  high  microhardness,  high  transparency, 
high  resistivity,  chemical  inertness,  ecological 
cleanliness  of  starting  materials  may  be  considered  as  new 
perspective  material  for  optics  and  as  reflective  and 
steering  mirrors  in  X-ray  optics  as  well  as  elements  of 
electronics  (2,3). 

Amorphous  carbon  filffls(a-C:H)  may  be  produced  by  means 
of  different  ion-plasma  methods  (4-6). In  this  paper  the 
properties  of  carbcn  films  obtained  by  two  methods 
(plasma-enhanced  CVD-method  and  magnetron  sputtering  of 
graphite  target)  are  presented  and  possible  application 
fields  are  defind 


2. Experimental  details. 

Amorphous  carbon  films  were  prepared  by 
plasma-enhanced  CVD-method  formed  by  cyclohexen  vapour  anc 
by  the  sputtering  of  graphite  target  in  Ar,C^H^2  their 
mixtures. The  deposition  was  carried  out  on  fused 
quartz , Si ,GaAs  wafers  and  others. The  preliminary  oxygen  and 
argon  cleaning  of  wafers  took  place. 

In  the  first  case  particle  energy  range  was  0. 5-5.0 
keV,ion  current  density  was  in  interval  0.5-1. 5  mA/cm' 
, power  applied  to  the  substrate  was  in  the  range  100-800 
W. In  the  second  case  particle  energy  was  in  the  range 
0. 1-0.5  keVjion  current  density  was  in  the  range  0.1-10.0 
;,.')/cm^; power  applied  to  the  substrate  was  1-100  W. 

Calculations  of  refractive  index  (n) , extinction  index 
(k)  on  the  wavelength  (X)  and  film  thickness  (d)  are  based 
on  the  measurement  of  light  transmission  (T)  and  reflection 
from  the  side  of  the  filffl(R)  and  substrate(R' ) .The  effects 
of  the  light  interference  in  the  film  and  multiple 
reflection  of  light  in  wafer  were  taken  into 
account. Measurement  of  T,R  and  R'  were  performed  by  SPECORD 
M-40. 


The  aluminium  contacts  and  other  metals 
thermal  deposition  were  deposited  in  order 
electrical  properties  of  the  films  and 
additional  potential  drop  on  the  metallic 
considered  during  resistivity  meae”*  rement. 


produced  by 
to  study  the 
structure. The 
contacts  was 
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3. Results  end  Discussion. 

It  was  found  that  the  variation  of  film  formation 
condition  using  first  method  resulted  in  the  changes  in 
resistivity  (p)  from  10^  upto  10*  Ohmecm  and  optical  band 
gap  (E^  )  1.0-1. 5  eV  obtained  from  Tauc's  coordinates 

(7). When  the  graphite  target  is  sputtered  in  various 
medium,  change  from  1.0  to  10*0hm«cm,and  Ea  changes  in  the 
range  O. 6-2.0  eV  at  considerably  smaller  power  which 
releazed  on  the  substrate. 

On  the  basis  of  optical  constants  of  films  the  phase 
composition  was  calculated. The  calculation  of  phase 
composition  was  made  by  means  of  effective  medium  theory 
<8).The  investigated  films  are  assumed  to  consist  of 
diamond-,  graphite-  and  polymer-like  component  and  free 
volume (mi crovoids)  (9). 

Films  deposited  by  plasma  enhanced  CVD-method 
according  their  optical  constants  (Fig. 1, curve  1)  and  phase 
composition  (upto  40  sp  -hybridization  bonds)  were  came 
nearer  to  diamond-like  films. 

Films  grown  by  sputtering  in  argon  consist  of  graphite 
phase  (70-95  X)  and  have  corresponding  optical 
properties (Fig. 1 ,r urve2) . 

Films  obtaned  by  magnetron  sputtering  in  Ar  and 
contain  mainly  polymer  phase  (70-80  and  dispersive 

dependence  of  n  on  k  brings  in  evidence(Fig. 1 , curve  3). 

The  influence  of  thickness  on  the  film  properties  is 
observed  only  during  magnetron  sputtering  in  Ar.The  change 
in  dispersive  dependence  of  n  and  k  at  En  =0.55  eV  takes 
place  (10).  ° 

The  dependence  of  resistivity  of  . arbon  films  produced 
by  magnetron  sputtering  in  Ar  on  thickness  is  presented  in 
Fig. 2. It  is  seen  that  the  experimental  curve  may  be  divided 
into  2  ranges.  So  far  as  films  with  thickness  more  50  nm  is 
concerned  the  resistivity  is  not  practically  depended  on 
d. Reduction  in  thickness  upto  30  nm  leads  to  sharp  increase 
in  resistivity. 

In  order  to  elucidate  the  dependence  of  resistivity  on 
the  thickness  the  temperature  conduct  .nce^=f(T)  have  been 
analyzed  for  films  with  different  thickneus  in  the 
temperature  interval  77-300  K  (11). 

It  was  found  that  the  logarithm  of  conductance  (In  (T'  ) 
is  directly  propertional  T”"'^  and  the  slopes  of  line  are 
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not  dependent  on  thickness  of  -films  when  d  >  100  nm 
<Fig.3).5uch  variation  o-f  corresponds  to  jumped  mechanism 
o-f  conductance  along  the  localized  states  at  Fermi  level 
Mith  variable  length  of  jump. 

Observed  relations  are  violated  when  thickness  of 
films  is  reduced  (less  then  30-35  nm) ;  It  starts  to  change 
with  temperature  proportional  by  .The  slopes  of  curve 

are  dependent  on  thickness  of  films  (a  -O.Such  behaviour 
(T)  corresponds  to  jumped  mechanism  of  conductance  with 
vari  le  length  of  jump  in  two-dimensional  case. 

For  films  with  thickness  more  than  100  nm  the  values 
of  density  of  states  at  Fermi,  level  N(E^  >, radius  of 
localisation  of  wave  function (  oT*  )  and  mean  length  of 
jump(R)  were  calculated  at  T=77  K.The  density  of  states  at 
Fermi  level  is  10^®  cm"'^  eV"^,the  radius  of  localization  of 
wave  function  is  2.4  nm  and  mean  length  of  jump  is  19  nm. 

In  higher  temperature  range  mechanism  of  conductivity 
has  been  transformed  from  jumped  to  activational  one. 

Investigations  of  electrical  and  optical 

properties, high  values  of  microhardness  03000  kg/mm^  ), 
densi ty < 1 , 2-2. 8  g/cm^), small  value  of  friction  coefficient 
permit  to  realize  protective  coatings  for  optical  elements 
of  power  laser  and  traditional  optics. 

Coatings  for  laser  optical  elements  were  formed  by 
means  of  magnetron  sputtering  of  graphite  target  using  gas 
phase  containing  differer.t  hydrocarbons. The  thickness  of 
a-C:H  films  depositing  on  the  surface  of  element  is 
25.0-50.0  nm. Coating  transparency  ranging  from  4.6  up  to 
5.6  pm, hardness, porosity, corrosion-  and  beam  resistance 
were  studied  (12). 

The  reflection  coefficients  of  mirrors  protected  by 
a-C:H  films  and  without  them  are  coincided. The  reflection 
coefficients  were  98,0+  0.5. The  results  of  investigation  of 
copper  mirrors  with  diamond-like  coating  have  been  shown 
that  there  were  no  changes  in  scattering  coefficient  after 
mirror  exposure  in  fluorine  atmosphere  during  15  hours  at 
p-  Bsure  35  tor. 

The  structure  of  protective  coatings  on  the  basis  of 
a-C:H  films  as  well  as  short-range  order, size  and  type  of 
clusters  are  studied  by  Auger — electron  spectroscopy 
(13) .liicrohardness  of  films-  depending  on  formation 
conditions  was  3000-4000  kg/mm'^. 

Optimal  thickness  of  protective  coating  having  maximum 
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beam  resistance  was  determined.  Service  li-fe  of  laser 
mirrors  with  protective  coating  based  on  a-C:H  films  was 
increased  by  3-4  times. 

Multilayer  coatings  on  the  basis  of  a-C:H  films 
increase  beam  resistance  of  mirrors  compared  with  monolayer 
ones. In  addition  the  multilayer  coatings  may  be  considered 
as  protective  coatings  for  laser  optical  elements  of 
nearest  IR  region. 

Besides  these  traditional  applications  areas  selective 
multilayer  reflective  mirrors  based  on  Cr — C  and  W-C 
systems(ref  lective  coefficient  20-25  7.)  and  stirring 
mirrors  (reflective  coefficient  60  7.)  for  soft  X-ray 
region  have  been  prepared  (14). 

The  properties  of  single-crystal  semiconductors  - 
carbon  films  heterostructures  formed  on  Bi  and  GaAs 
substrates  have  been  studied. The  thickness  of  carbon  films 
was  30.0-100.0  nm.Si  and  BaAs  substrates  have  a  different 
type  of  conductivity  and  various  resistivity. 

Voltage-current  and  voltage-capacitance  and  charge 
transient  characteristics  of  these  structures  have  been 
studied  by  0-DLTS  method  (15). 

The  alternation  of  "ultra  thin"  diamond-like  fi.ms 
with  different  phase  composition  permits  multilayer  quantum 
well  structures  with  minimum  diffusion  processes  to  be 
formed. Quantum  effects  have  been  demonstrated  in 
voltage-current  characteristics  behavior. 

It  also  found  out  that  films  formed  by  mentioned 
methods  could  be  utilized  as  protective  coatings  for 
photomasks  and  protective  and  passivating  coatings  for 
electronic  scheme  and  devices. 


4. Concl uBi ons. 

It  was  found  that  the  change  of  properties  under 
changing  deposition  conditions  might  be  related  to  phase 
composition  variation. 

The  phase  composition  of  a-C:H  films  and  their  optical 
and  electrical  properties  may  be  also  changed  during  growth 
process. The  observed  change  was  found  in  the  films  obtained 
in  Ar. 

The  results  of  using  a-C:H  films  as  protective 
coatings  for  optics  were  presented. Such  coatings  increase 
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the  service  li-fe  o-f  power  laser  optical  element  in  3-4 
times. 


It  has  been  shown  that  essential  possibility  of 
heterostructures  production  with  density  of  surface  states 
about  5*10^^  cm  *  at  the  semiconductor — a-C:H  film  interface 
being  acceptable  for  production  of  MOS-device. 
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